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ABSTRACT 


PDy gy, 198 whan films were deposited on cleaved 
Car, and Bar, substrates by vacuum evaporation methods. 
The as-deposited films were not photosensitive. Photo- 
conductivity was observed after the films had been iso- 
thermally annealed in Pb-Sn rich vapor to reduce their 
carrier concentrations. Blackbody (500° K) response measure- 
ments were made to determine the responsivity and detectivity 
of the thin-film samples. Blackbody responsivities as high 
as 60 volts per watt were measured. Thin films with single- 
crystal (100)-oriented structure were more sensitive than 
the films with either single-crystal (111) or polycrystalline 
mixed (111) and (100) structure. The wavelengths of photo- 
conductive thresholds were determined by spectral response 
measurement and were in good agreement with the fundamental 
absorption edges. Photoconductive response times were 
measured using a GaAlAs heterojunetion laser diode as the 


radiation source. 
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IS EN MRODUCTION 


Considerable progress nas been made in the past few 
years in developing long-wavelength infrared (LWIR) devices 
for imaging, surveillance, and remote sensing applications, 
and for use in CO, laser systems. One of the most important 
advancements is the development of narrow-gap IV-VI alloy 
semiconductor devices. Considerable attention has been 


given to two alloy systems, Pb yon, te and Pb da 


l- l-y 
[Refs. 3 through 10]. Their p-n homojunctions now have 
adequate device performance when used as practical photovoltaic 
detectors! and as semiconductor lasers. 

in comparison, however, photoconductivity in, these two 
alloy systems has not been well developed. Of these two 
alloys, Pb, _¿9n, Te photoconductors have been relatively more 


developed. Photoconductivity in bulk Pb jon, Te erystals 


l- 
was first studied at Lincoln Laboratory, Massachusetts 


ANSLIENLELOR Technology.” Subsequently, photoconductivity 


L taa nor Harman. Co ingle Crystal Lead= 
Tin Chalcogenides," Semiconductors and Semimetals, 
v. 5, p. 354-365, March, 1965. 


Harman, T.C., "Narrow-Gap Semiconductor Lasers," 
Jioursallof#Rhysiies and@@hemiistry of Solids, v. 32, 
Supplement Blei LO 1. 


3 Metweariis.,) Laman Harman sa. 675" Dhetosondueriviey 


in Single-Crystal Pb, ,Sn LER irn LedWwehysiespierters, 
v. 13, p. 180-183, Sept 1968. 


10 





in Pb,_,Sn,Te thin films was reported by Dr. T. F. Tao and 
Dr. C. C. Venen and by Ford Scientific Laboratory.” ¡ERE 
present Pb, _,on,te photoconductive performances are pre- 
sented in Table I. Peak responsivities occur in the wave- 
length range of 8 to 11 microns and are less than 107 volte 
per watt at liquid nitrogen temperatures. 

Although several attempts have been made in developing 
Pb|_,Sn,„Se photoconductive detectors at RCA Princeton 
Research Laboratory and at General Electric Research 
Laboratory, no quantitative results Indicating trúefphotos 
conductivity in o „en Se have been reported. Some pre- 
liminary study of ED oH ee has been done by Dr. I. Kasai 
and Dr. C. c. Wang. The purpose of this thesis project was 


to develop Pb use photoconductivity more extensively. 


Hy 
The composition y = 0.1 was used because its energy gap at 
Tiguri Crogen temperature is suitable for infrared detec- 
tion in the 8 to 14-micron atmospheric window. This was a 
joint thesis project conducted by the author and CAPT W.G. 
McBride, USMC. Both were involved in all aspects of this 
research, although, in the writing of the thesis reports 

only, McBride concentrated on "neg metatilured calama electrical 


properties and the author of this paper concentrated on 


the photoconductive properties. 


— — —— 


Tao, T.F. and Wang, C.C., Narrow-Gap Semiconductors, 
U.S. Air Force Materials Laboratory Report AFML-TR- 
71-238 (unpublished), Wright Patterson Air Force Base, 
December, 1971. 


> Logothetis, E. M. and Holloway, H., "Photoconductivity 
imsEpivekxkial FD „en Te Journal orApplied Physics. 
CEL p e os Jänuary 1972. 
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II. SUMMARY OF PREPARATION, METALLURGICAL 
EVALUATION, AND ELECTRICAL MEASUREMENTS 


OF PD gang, Pe THIN FILMS 
TS Pb. gano 19€ studied in this research was in the 
Loprmaort CNI Lims deposited on CaF, and BaF, substrates 


using the one-boat deposition method or the Knudson cell 
deposition method. Metallurgical measurements were then 
made on the samples in order Pe theimscrystal 
structure, orientation, and thickness. Following these, the 
samples were isothermally annealed in the presence of PbSn- 
Der sporZrezreomee schelrserarr Ver concentrations. ¿Gota 
contacts were deposited and copper leads attached.  Conven- 
monos eleetrical measurements baséd on the Hall effect were 
then made from 300° K to 90° K to determine the carrier = 
Err retro one eneratıon and Halll mobility. This chapter 1s 

a brief summary of the material presented in detall by 
McBride in his paper [Ref. 1] dealing with the first phases 
of this research: sample preparation, metallurgical ia 


isothermal annealing, and electrical measurements. 


A. SAMPLE PREPARATION 

Suelehiomeeriem@roportions of Pb, Sn, and Se were weighed 
and melted at 1100°C for 24 hours in a vacuum-sealed quartz 
ampoule. The ampoule was then quenched in water and the 
PD 9.99, 1° alloy ingot was crushed into small pieces for 
use in deposition. Metal-rich alloy of the composition 


(Pdo 90.11.0428 was also prepared in the same manner for 


Ws 





use in the isothermal annealing step. Half-inch diameter 


rods of CaF, and BaF, were cleaved along the (111) plane 


2 
shortly before deposition to make substrates approximately 
usem @hick which were then loaded in a substrate holder 
Which was placed in a NRC vacuum system. A mask was used 
over each substrate so that the shape of the thin film was 
a standard configuration designed for making Hall effect  . 
measurements (Figure 1). A heater element was placed above 
the substrate holder to control the substrate temperature 
during the deposition. Several small chunks of the stoich- 


lometric Pb Se Source material were placed in a 


Oo ord 
graphite Knudson cell or alumina crucible located approxi- 
mately six ene beneath the substrate holder. The source 
boat was surrounded by a tungsten heating coil and covered 
with a molybdenum sheet having a small hole. A shutter was 
located between the holder and the boat to control the deposi- 
EOE Lorgto ehe deposition the vacuum system was evacua- 
ted to the low 107° torr range and the substrate was heated 

to the desired temperature (270° C to 325° C). The Knudson 
cell -— heated "E n-Eranpewetromsmuo? C uo. 8209 Com Afiter 
Several minutes, the shutter was opened and the evaporated 
Pbo. 995119, 19€ was allowed to condense on the substrate forming 
Zur time The depostton typically lasted from fifteen to 
thirty minutes. After deposition, the system was allowed to 


cool to room temperature in typically three hours. The 


samples were then removed, inspected, and stored in a 


1 





ANS 





SEMICONDUCTOR THIN FILM 


A THIN-FILM SAMPLE 


FIGURE 1. DRAWING OF 





dessicator. Thin .ifllms deposited in this manner exhibited 
good adhesion to the substrate and were generally shiny 


in appearance. 


B. METALLURGICAL EVALUATION 

The thickness of each sample was measured using the 
interferometric method on a Perkin-Elmer spectrophotometer. 

A scan was obtained of transmittance versus wavelength from 
2.5 to 16 microns, and the wavelength difference between 
the peaks shown in the scan was measured to determine the 
thickness. 

One sample from each deposition batch underwent measure- 
te eorier some lermine tac crystal properties. The 
crystal structure was evaluated from Laue back-reflection 
POSCO rap phs obtained on a Norelco Laue back-reflection X-ray 
unito tee presence of Debye rings on the*photograpn indicated 
polycrystalline structure while sharp spots and no Debye 
rings indicated single-crystal structure. Both single-crystal 
and polycrystalline thin-film samples were deposited for 
cnis research. 

The crystal orientation was determined from X-ray 
diffractometer scans done on a Norelco X-ray diffractometer 
using a Cu target. The crystal orientation was determined 
from the position of the intensity peaks. Single-crystal 
(100), polycrystalline (100)+(111), as well as polycrystalline 
(110) films were obtained on CaF, substrates, while only 


single-crystal (111) was obtained on BaF, . 


16 





C. ISOTHERMAL ANNEALING 
The carrier concentrations of the as-deposited thin-films 
were reduced using the isothermal annealing technique which 
was first used by Brebrick and Allgaier for PbTe [Ref.-2]. 
Following the cial evaluation, the samples were 
sealed in quartz annealing ampoules which had been a 
and back-filled with em pas. Each tube contained two 
samples and a small amount of metal-rich source material. 
These samples were annealed in Marshall tubular ovens the 
temperature of which was regulated at a set constant value 
by Marshall proportional controllers. Annealing temperatures 
from 303° C to 324° C were used for periods of time from 
two to five days. At the end of the annealing period, the 
annealing tubes were removed from the ovens and air-cooled 
to room temperature. The isothermal annealing process 
reduced the carrier concentrations to a range from middle- 


16 to middle-101/ per cubic centimeter. Annealing tempera- 


10 
tures and times were selected based on experience and on 

the results of other research in this area. FPbo o°no 15 
samples annealed at temperature below 319.5° C were p-type 
and those annealed at higher temperatures were n-type. 
Following the annealing, gold contacts were vacuum-deposited 
on the samples using the NRC vacuum system and copper leads 
were attached using silver epoxy. A drawing of the shape 


of the thin-film samples showing the positions of the gold 


pads is shown in Fig. 1. 


1 





D. ELECTRICAL MEASUREMENTS 

Electrical measurements were made on the samples to 
determine the carrier type, concentration, and mobility 
using the Hall effect technique [Ref. li]. Samples were 
mounted on the cold-finger of a liquid-nitrogen dewar. The 
temperature of the sample was monitored using a thermocouple 
mom qe onmasblankzssubstrageson the other side of*thescola- 
finger. The dewar was evacuated to twenty microns Hg or less 
and cooled to 90° K. The conductivity versus temperature was 
determined during the cooling process by piloting the voltage 
across a pair of contacts parallel to the current flow on 
PRENDA ci pul Ol an 4-y recorders The current through 
the sample was kept constant at one milliampere and the 
thermocouple’was connected to the vertical input of the 
recorder. The Hall voltage was measured across a pair of 
contacts perpendicular to the bias current flow when a 5000 
Gauss magnetic field was passed through the sample perpen- 
dicular to the plane OL ’the#thin fiimz Tbej Hail voltage 
versus temperature was obtained by plotting this voltage 
on the recorder as the magnetic field was alternately turned 
on and off and as the temperature of the sample was gradually 
brought up to room temperature. Calculations were made from 
these two plots of the Hall coefficient, conductivity, 
Monit yeoman carrier typasamasconcentration.  Mobililties 
were measured in the range from 80 to 29,000 Ee 
and carrier concentrations of both p-type and n-type were 


measured from middie-1019 eo price vee l A 
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III. GENERAL THEORY OF PHOTOCONDUCTIVITY AND 
INFRARED PHOTODETECTOR PERFORMANCE MEASUREMENT 
AE ¿.PHOTOCONDUCTIVITY 
IDceimnitlonvol Photoeonduetivity 

Photoconductivity is defined simply as a change in 
the electrical conductivity of a material caused by incident 
light energy. When a photoconducting material is exposed to 
electromagnetic radiation, a flux of photons proportional to 
the intensity of radiation will penetrate the material. If 
the quantum energy of a photon is greater than the forbidden 
energy gap for electrons in the material, an electron in 
the valence band may absorb this energy and be excited into 
the conduction band. This electron in the conduction band 
and the hole left behind in the valence band are now both 
Mco mos crudas Che forge of an escernalliy applied electric 
Herd eand thnereby contribudel to the lelectríic current. This 
change in the number of free carriers appears as a change 
in the electrical conductivity of the material as shown in 


tnektollowing relations. 


Q 
H 


+ 
e(n ua PH, ) 


Ao e(Anu, + Apu, ) 


Here, oo? Po are the dark conductivity, free electron, and 


free hole concentrations caused by thermal excitation, and 
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Ao, An, and Ap are the changes in these quantities due to 
Pre en te la Clit; ER and Br are the electron and hole drift 
mobilities, Ane electronic charge. m if a constant 
Peas PONE Trento Lovce UnrOush ay phovoconductor, the incidenge 
of electromagnetic radiation will be detected as a change 
in the voltage across the device. Equivalently, if the 
bias is a constant voltage, incident radiation will cause 
amenanetcean the» current through the? samp le: 

PIU casmcarrierebfetrmemand PhotoconductivewGaim 

The*meenitude of the response of'a ‘photoconductor 

LUN? iven antensity OL*radiation and*tuwith a given bias 
condiction depends entirely on the density of photo-excited 
free chos ln an intrinsic photo-conductor, since free 
electrons and free holes are generated at the same rate, 
this density can be approximated by the product of the rate 
of generation of free electron-hole pairs per unit volume (f) 
and the excess carrier lifetimes iE and E In more 
caretulfanalysis. the Tadaacaion intensity inside the sample 


MSN s tant: anordlftterentia lfeqguations must bewsolved. 


An = fT Ap = fx 
e h 
The excess carrier lifetime is defined from the microscopic 
point of view as the average time spent by a photo-generated 
excess carrier in its respective band and from the macroscopic 
point of view as the ratio of the density of free carriers 


to the rate of generation per unit volume. Substitution of 
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the above expressions for excess free carrier densities 
into the equationsior the ehange in conductivity gives the 


following relation. 
ZII eT M) 


The significance of lifetime is most NO ECT in 
the expression for the gain of a photoconductor. The current 
is a sean ea, due r ofincident lient energy isfthe total 
excess electric charge (n, and p, ) divided by the transit 


time of a charge carrier from one electrode to the other 


(Te and Toh): 


Representing the total rate of generation of electron-hole 
pairs as F and writing the transit time in terms of the 
spacing between electrodes (L), the mobility (u), and the 


applied voltage (V), gives the following expressions: 


ie second “expressions v is the carrier drift velocity 
and e is the electric field strength. Substitution of these 


into the equation for the photo-current leads to the expression 


eu 





for photoconductive gain. The gain is essentially the. 
number of excess carriers which pass between the electrodes 


for each incident photon. 





m T 
= Pene I 
lon eF(& + m ) 
i T 
e h 
T = eF PM (1 u + Tu, ) 
ph L e e h N 
b = Uo Hp 
eFu, V | 
Ioh = 2 (DT e 
I ee: 
O . 
G eF 72 (ba gt Tp) 


In this simplified picture, the gain increases 
linearly with the applied voltage bias and, assuming the 
electrodes can supply any required amount of current (ohmic 
contacts), it would seem that the gain could be made 
a\ebatrarily large However, when the applied voltage becomes 
so large that the transit time is about equal to the di- 


electric relaxation time, whTcheis"Poacharactenisti 201 


"REL? 
Cicemlaver io ec hnescurrent an the photoconductor will become 
space-charge limited and no further increase in the gain 

can occur. The maximum gain will then be obtained when the 


transit time is equal to the dielectric relaxation time and 


ce 





is equal to the Foo iO 


MAX TREL, 


rones Sinple relations given, it can be seen that the 
performance of an ideal noiseless photoconductor is clearly 
described by its standard electrical properties and the 
excess carrier lifetimes. 
3. Factors Which Affect Lifetime 

In order to consider the factors which determine the 
excess carrier lifetime, it is first necessary to discuss 
the basic electronic transitions between different energy 
states. In a perfect semiconductor crystal structure of 
AN IL Le ran S there are no allowed energy states 
between the top of the valence band and the bottom of the 
eosnduetieonsbangde ouch a Kuna, of course does not exist 
and in general, a deviation of any kind from Ir perfect 
structure introduces discrete energy levels within the 
forbidden energy gap. These crystal imperfections include 
the surface of the material, vacant lattice sites, inter- 
Seit Tal, substitional, or impurity atoms, and various dis- 
locations and warping in the crystal structure. The energy 
levels created by these imperfections are localized within 
the crystal. When a charge carrier makes a transition to 


this energy level it is said to be captured and becomes a 


6 


Rose, As, Conceptsfin Photoconductivity and Allied 
Frobllems, p. 7T, Wiley, 1963. 
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bound charge at the site of the Mer tection, lol onger free 
to move about the lattice. ‘For this reason, the discrete 
energy levels within the forbidden gap are considered to 
communicate only with the valence and conduction bands. 
ane ie ioo between imperßection levels generally do not 
occur because of the separation in space of the locations 

OT he se Levels: 

The general energy band structure and the three 
major electron processes, excitation, capture, and recombi- 
nation, are shown schematically in Fig. 2. Excitation 
occurs when an electron gone a photon and makes an upward 
transition in energy (1,2,3). Excitation may also occur 
due to thermal energy transfer if the two levels are close 
together in energy (4',5'). Capture occurs when a free 
electron makes a downward transition in energy either from 
the conduction band to an imperfection level (5,7) or from 
such a level to the valence band (4,6) which is actually the 
capture of a hole from the valence band. Recombination 
occurs when an electron makes a downward transition from 
ceivner tne sconduction band or®an imperfection level to the 
valencesbanad wherezit Joins wichzarhöle Or when an electron 
goes to an imperfection level ready sconvaimning ea captured 
hole (8,9,10). In these downward transitions, the excess 
energy is converted through the emission of a photon 


(luminescense) or of a phonon (lattice name e 


[ Bube, R. H., Photoconductivity in Solids, p. 38-46, 
Wiley, 1962. 
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FIGURE 2. COMMON ELECTRONIC TRANSITIONS IN PHOTOCONDUCTORS: 
a) ABSORPTION AND EXCITATION, b) TRAPPING AND 
CAPTURE, c) RECOMBINATION (FROM REF. 15) 
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Based on these processes, capture centers can be 
classified into two general categories, traps and recombi- 
nations centers. Traps have energy levels which are close 
enough to a band edge that the probability of a captured 
carrier being excited back into the closer band by thermal 
energy is much greater than that of making the transition 
across the gap to the other band for recombination. Recom- 
bination centers have energy levels near the center of the 
forbidden band. If a carrier is captured in a recombination 
center, the probability of recombination occurring is much 
erester than the*probabllity of the captured carrier being 
C CODA CKC OTIC Original Dand: When agfreeccarrier is 
trapped, its n is only temporarily interrupted. It 
is only when recombination occurs that the lifetime of the 
free electron-hole pair is conclusively terminated. 

ihe Anumber sol mes a second chevsaktree carrier comes 
MOSE enoüghn Co an imperfection Co be captured is the product 
of the capture center density er and N,), kaer Capturezsceross 
sections TA and Sh)» and the average thermal velocity of 
the carrier we and vn). The capture cross section is 
determined by the coulomb forces affecting a free carrier 
in cherwirernityofschezeaptune center. A single imperfection 
may act as a capture center for a free electron if its associ- 
ated energy level is not occupled and as a capture center for 
a free hole if the level contains a captured electron. It 
is therefore necessary to distinguish between capture center 


densities and capture cross sections for electrons and those 
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for holes. If the capture centers are recombination ASS 
it can be assumed that the lifetime is terminated when cap- 
bl e occ urs and the average lifetimes cansbeswritten as the 


following expressions. 


For materials in which direct recombination between holes 
and SA across the energy gap is an important factor 
Such as Mis. Ereomentiy the case in direet-gap semiconductors, 
a free hole can be considered as a form of mobile capture 
center with an associated capture cross section and density. 

Nereo lore c ean be seen Chat the density Of capture 
Ep omemreeapbtuscecorossgEsections, and thegstatistics 
eA Nein occupation are the most significant factors affecting 
the excess carrier lifetime. Changes in the occupation of 
the energy levels of various imperfections under different 
conditions of temperature and light intensity result in 
complex variations in lifetime, and consequently gain, over 
a wide range of values in a single photoconductor [Refs. 12 
through 16]. 

4,  Photoconductive Transient Response 
As is the case in the analysis of any dynamic system, 


a great deal of information concerning the internal mechanisms 


Š Rose, A., Concepts in Photoconductivity and Allied 
Problems, p. 15, Wiley, 1963. | 


il 





of the system can be obtained through observation of the 
transient response to a step input. The form of the tran- 
sient response of a photoconductor is determined by the 

time rate of change of the excess carrier densities. In 

the most simplified mathematical model for this response, 
the sms of change of the excess electron density is assumed 
to be equal to the difference in the rate of generation of 
free hole-electron pairs (f) and the rate at which free 
eLCevrence are removed from the conduction band. This very 
simple approach assumes that there is no trapping of free 
carriers. The rate of removal of electrons from the conduc- 
cron band is written 2 the excess electron density divided 
Dy che average time each electron spends Mín the conduction 
band which is assumed to be a constant and equal to the lite 
time. The resulting differential equation has a familiar 


basic form. 


In the steady state, the rate of change is zero and the 
density of excess carriers has the dependence on lifetime 
onsecsrenepswoneraLesascEprven beiore. 


n 


f - — = 0 n LT 


Solvine chesadirrerential equation shows the response to a 
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step input to have a simple exponential dependence in which 


the time constant is equal to the lifetime. 


-t/t È 
n(G) =n (ii -%e 
O 
-t/t 
n(t) = ne 2 (f » 0) 
TT = T 
O 


In actual photoconductors, the factors which deter- 
mine the transient response are much more numerous and have 
complicated dependencies on temperature, illumination inten- 
sity, and the excess carrier densities themselves. However, 
the time dependence of the rise and decay of the photoconduc- 
tive response to a rectangular pulse input of radiation can 
usually be approximated by simple axponential fumetions. 
Since the time constants of these exponentials are determined 
by thle? rates! of change of the excess carrier densities, they 
arel indicative’ of Ehe type of energy transition processes 
Beeurring in the@makeriady under Che’ particular conditions. 

One of the most interesting phenomena observed in 
photoconductors of lead salts and their alloys such as lead- 
tin selenide is that the decay time constant or relaxation 
time is generally much larger than the excess carrier life- 
time indicated by the magnitude of the response. A simple 
explanation for this effect based on the trapping of minority 


carriers was first proposed by Bube [Ref. 15] and later 
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shown to apply to PbSe by Petritz and Humphrey [Ref. 17] 

and to other lead salts by Klaassen [Ref. 18]. This model 
assumes the energy band structure shown if Figure 3 in which 
electrons are specified as the minority carriers. There is 

a large density of traps which have a very high capture 
probability for’ electrons but are unattractive to holes even 
when containing a captured electron. The energy level of 

p? is assumed to be deep enough within the conduc- 
tion band that the probability of a captured electron being 


the traps, E 


excited to the conduction band by thermal energy is small. 
An electron will therefore remain in the traps a relatively 
one time once it has been trapped. Recombination is’ assumed 
to occur only directly between the conduction band and the 
valence band. However, the model may easily be applied to 
material in which there are a level of recombination centers. 
In this case, the density of majority carriers (holes) is 
assumed large compared to that of minority carriers so that 
the time an electron spends in a recombination center before 
recombining with a free hole is very short. Therefore, 
recombinatwon can be considered to occur ds soon as an 
electron is captured by a recombination level. 

According to the model, electrons excited into the 
conduction band by incident photons are quickly trapped. 
The density of free electrons is small and the photoconduc- 
Hivicy istan] due Co the excess free holest™ There are 
very few electrons available to recombine with the excess 


holes, however, The rate of recombination becomes governed 
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FIGURE 3. MINORITY CARRIER TRAPPING MODEL ENERGY BAND STRUCTURE 
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FIGURE 4. GENERALIZED DETECTOR NOISE SPECTRUM (FROM REF. 19) 
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by the rate at which electrons are released from the traps, 
which, as stated, -is very slow. The result is that the decay 
time constant of the photoconductive response is about equal 
to the average time an electron spends in a trap (assuming 
opine does nòt occur). . This time may be much longer 
than the lifetime indicated by the magnitude of the steady 
state response of the material resulting in a decay time much 


greater than the lifetime. 


B. NOISE IN PHOTOCONDUCTORS 
The previous discussion was concerned with the sensitivity 
of photoconductors and entirely omitted any consideration 
of the noise which is an extremely important factor. The 
response of a photodetector can always be amplified by some 
IEEE VIC e however, the noise in the detector limits the 
maximum signal to noise ratio which can be obtained at low 
radiation levels and makes detection of weak signals 
Pr T CUM or impossible. 
l. Types of Noise 
The noise in photodetectors has a variety of sources 
ana forms. The four types of noise which are of major con- 
cern in the measurement of the response of infrared photo- 
conductors, assuming all environmental electrical noise 
has been eliminated are briefly discussed in this section. 
An unavoidable source of noise in all photodetectors 
is the background noise due to random fluctuations in the 


number of photons reaching the detector from all surrounding 
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objects which have a temperature greater than absolute 

zero. This noise imposes an upper limit, dependent on 
temperature ana wewvelenegta, on the deteetivity of the 
deteetor. In practical photodetectors, however, other forms 
of noise predominate and the background noise serves only 

as a standard theoretical limit for comparison of 
performance. 

Johnson noise or thermal noise is present in all 
one materials md is duetto the random motions of 
electrons in the material. Johnson noise has a flat power 
frequency spectrum (white noise) and is independent of 
HEN UT rento ner conauctor. The r.m.s. value of the 
noise voltage (v5 is dependent on the absolute temperature 
(T), the resistance (R) and the a equivalent bandwidth 
as shown in the well-known relation below in which k is the 


Boltzmann constant. 


Vi = AUKTRAL 


Another type of noise has a power spectrum which 
varies as the inverse of the frequency and is referred to 
ase il/f noise. The primary source of 1/f noise is believed 
to be the breakdown of potential barriers which are formed 
within the bulk of the material and, much more significantly, 
at the contacts if they are not perfectly ohmic. Unlike 


Johnson noise, 1/f noise shows a strong dependence on the 
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current in the material and the noise power WS. generali 
Bound to vary as the square of the current. 

The major source of noise in semiconductors at 
frequencies above those at which 1/f noise is significant 
is generation-recombination noise. This is due to random 
fluctuations in the rate of generation and of recombination 
of free hole-electron pairs and is similar to shot noise in 
vacuum tubes. It has a flat power spectrum out to a 
frequency equal to the inverse of the free carrier lifetime 
beyond which the power falis off rapidly. 

A typical noise frequency spectrum which is a combi- 
mudo ncs-NEbreerlmajgor"souprees of internal noise xs 
shown in Figure T The actual frequency scale would vary 
Weithechertype of detektorsand the temperature. Ideally, 
the detector would be operated at a frequency above those 
lor MebEnolrse aña generation-recombinatlon nofse are 
IFI] IOS but cc obf courses; this isgseldom possible. 

2 WEMon5urementocofw Noise 

Ihemmoise Ainfas photodetector disfa criticalli part in 
its performance rating so the measurement of noise is an 
important factor in detector evaluation. Noise is a random 
process by definition and can only be dealt with in a 
meaningful way as power rather than as a deterministic voltage. 


ineeaddicien. thegpower may have a complicated dependence on 


2 Hudson, R.D., Infrared Systems Engineering, p. 30, 
Wiley, 1969. 
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frequency and other factors. For these reasons, consistent 
and accurate measurement of noise requires careful 
consideration. 
Since all major forms of internal detector noise 
have a distributed power spectrum, measurement of a finite 
noise signal requires that the noise be passed through some 
kind of a bandpass network. The magnitude of the noise power 
transmitted by the bandpass filter (Py) depends on the shape 
and magnitude of the noise spectrum (N(f)) and on the shape 
of the filter transfer function (T(f)) as shown below. 


oo 


Pil = jsf N(f) T(f) df 
0 

For the sake of simplicity, the noise spectrum is generally 

agsumed to be flat within the bandpass range which can be 

apr oximatedito arbitrary accuracy by selection of a narrow 

enough bandwidth. Making the further assumption that the 

mo mier banepass filter Ys unity at the center frequency, 

the noise power SAT output of the bandpass can be written 

as the product of the amplitude of the whitened noise spectrum 

at the center frequency of the bandpass filter (N) and the 


noise equivalent bandwidth (Af). 


A) AT 
0 


Af 





For a simple tuned circuit type of transfer function, the 
noise equivalent bandwidth can be shown to be 1/2 times the 
half-power bandwidth given by the center frequency divided 
by the Q of the circuit.” 

Whesnosse ls"teenera My measured asta voltage at the 
Output oi the bandpass filter. However, since the’ voltage 
foealso a random Process, Only the r.m.s. value of the noise 
Peace iicaillimmeeror tic ideal flat noise power spectrum, the 
— uc of the noise voltage (vy) varies as the square 
root of the amplitude of the spectrum and the noise equivalent 
Dandwidth. This voltage can be put into its most basic form 


by normalizing it to a one-Hz bandwidth by dividing by the 


square root of the noise equivalent bandwidth. 





Idon vMEducEnodJJeevoLureMshouktd be measured by a true r.m.s. 
meter. Frequently, however, the measurement is done with an 
average-reading meter which has a full-wave rectifier at its 


> 


> Davidson, J. J., "Average vs. RMS Meters for Measuring 


Noise," IRE Transactions on Audio, v. AU-9, p. 108- 
ieee Ul yee 1901. 
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input and which is calibrated to read the r.m.s. value of a 
sine wave. In this case, a correction has to be applied to 
the indicated noise since the meter is responding to an aver- 
ares valte rather than the r.m.s. value. The correction is 
highly dependent upon the waveform of the noise voltage. 
Generally, this factor is derived based on the assumption 

the noise has a Gaussian distribution in amplitude [Ref. 20]. 
This derivation is carried out in Appendix A. The use of 

the concepts of noise equivalent bandwidth and the r.m.s.- 
correction factor makes it possible to make fairly reliable 


measurements of noise using standard laboratory equipment. 


C. INFRARED DETECTOR FIGURES OF MERIT 

A universal means of comparing the performance of infra- 
red photo-detectors has been well established in the form 
of a standardized set of figures of merit. These are given 
a detailed description in Ref. 19 and Refs. 21 through 25 
angenwsoetcherspublicattons on infrared technology and’will be 
dealt with only briefly in this paper. 

T enda d Radiation source 

The starting point for a standardized means of evalu- 

ating the performance of infrared detectors is a standard 
source of Ten radiation. For this, the blackbody radia- 
tor is the obvious choice since its total radiant power and 
frequency distribution are known exactly and since the ideal 
blackbody radiator can be very closely approximated by 
laboratory blackbody sources. The total power, W (watts), 


incident on a detector of sensitive area Ap Cd a distance 
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R (cm) from a blackbody radiator of area Ap (emê), emissivity 
Ep» and temperature Tap (°K) is given by the following well- 


known relationship based on the Stefan-Boltzmann equation in 


which 0 is the Stefan-Boltzmann constant (5.67 x 10719. 
Wem” 20x"), 


= 
Il 
m 
UJ 
UJ 
UJ 
> 
UJ 
NI. 


In order to measure the response of the detector as 
an alternating voltage signal, the radiation is generally 
modulated using a mechanical chopper which is simply a 
Slotted, circular blade driven at a constant speed by a 
mover andegolacedeim front of thejblackbody source aperture. 
When the blade, ls spinning, the detector is alternately 
exposed to the blackbody radiation from the source and from 


the chopper blade at temperature At: (°K). The previous 


CH 
expression can then be modified to give the peak-to-peak 


ampasEbude som thessuignal. 


UJ 
UJ 
Q 
Ha 
T> 
UJ 
S 


Most devices used to measure the output signal of 
the detector measure only the amplitude of the fundamental 
frequency component of the response. For this reason, it 
is necessary to add a correction factor to the peak-to-peak 
amplitudes Tnis factor is the ratio of the r.m.s. value of 


the fundamental component of the input waveform to the 
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peak-to-peak value. This factor (Up) depends on the wave- 
form of the radiation signal produced by the chopper blade, 
PORE e retorer múustibe calculated tor each "partieull? source 
and chopper configuration (Appendix C). An additional ' 
eorrection factor is added to account for any absorption by 
optical windows between the blackbody and the detector (a). 
The final form of the radiation signal on the detector is 


Wier vow LOW LIS wexpresso.on. 


2 Det eek isitymand Responsivity 
Omeerrchesanmertüde. or the Sslenal incident on the 
NcUHStoP is known, the most basie figuresof merit, the 
responsivity, R (volts/watt), can be calculated simply as 
the ratio of the detector signal, Ve CL) A o 


I Penal, 


Responsivity, however, does not take into consideration the 
detector noise, The nos is accounted Iorin theTnoise 
equivalent power, NEP. This is the radiation power required 
to give a signal-to-noise ratio of unity and is written as 


the following expression. 


W. 
MN 


L 
NEP(Hz? - w) = 
Vs Vu 


SIC, 





n this expression, V is the noise normalized to a one-Hz 


NN 
bandwidth. The NEP is an awkward figure of merit in that it 
ema Mermer che better debectors. "lo avoid this, the NEP 
is simply inverted and called detectivity. Detectivity can 
be considered as the signal-to-noise ratio produced by an 
incident signal of one watt. Since the noise in a detector 
has been widely observed to vary approximately as the square 
ks oí thefdetector area, all detectors cantbe put on the 
same basis independent of their size by multiplying the 
detectivity by the square root of the detector area. This 
15 eche*most important figure of merit and is referred to 

as D*, 


D* (cm-Hz 


Vin 


A E 
S 
The noise generally varies as the bias current to a onen 
greater than one and the signal varies approximately linearly 
enee blas current This results in there being a partie= 
ular current which gives the maximum signal-to-noise ratio 
and,- consequently, which gives the best detectivity as shown 
Ins o me. responsivityleiven for ia detector is the 
value measured at the bias current which gives the best 
value of DŽ. 
u rectal Response 

Photoconductors are quantum detectors in that they 

Fespono to the number orte ldentaplhovonssrather-chan ehe 


Iintensitvsor radiation. In addition, photons with an energy 
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FIGURE 5. TYPICAL VARIATION OF SIGNAL-TO-NOISE 
RATIO WITH BIAS CURRENT 
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FIGURE 6. TYPICAL SPECTRAL RESPONSE FOR AN INTRINSIC 
PHOTOCONDUCTOR. 
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less than the band gap energy in intrinsic photoconductors 
(such as PbSnSe) cannot create free hole-electron pairs and 
WWiinotabe detected @ror these reasons; the spectral 
mesponse 0% quantum detectors Is Oé interest in their 
performance evaluation. Spectral response is measured using 
a monochromator to separate the radiation from a wide-band 
source suchias a glowbar, into a tunable band of wavelengths 
which can then be spatially filtered to irradiate the sample 
with a narrow band of wavelengths. The response of thé 
detector versus the wavelength can then be recorded. 
Decor responses indicated for a constant incident 
rere yv independent of the wavelength. Since the siources of 
radiation do not have such a flat radiation spectrum, dic 
Seurce must be’ calibrated using a thermal detector which has 
w lae Spectral response. ~The response of the quantum 
detector is then normalized to a constant input power by 

Ei mene 16 by the thermal detector response at Teach corre- 
sponding wavelength interval. The resulting aero 
spectral response of a typical) photoeonductor #s shown in 
Fig. 6. The rise in response with increasing wavelength is 
due to the Poe that the number of incident photons must 
increase as the quantum energy decreases to maintain the 
same input power. Beyond the wavelength for which the 
photon energy is equal to the energy gap in the detector 
material, the response falls off sharply and the longer 


Wavelengths cannot be detected. 
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IV. MEASUREMENT OF BLACKBODY RESPONSE, SPECTRAL 
RESPONSE AND PHOTOCONDUCTIVE TRANSIENT 
RESPONSE IN Fb, gy 198 ENS PELMS 


A. BLACKBODY RESPONSE MEASUREMENTS 


The photoconductive performance of the Pb Se 


ovaio i 
thin films was determined through evaluation of the two basic 
photodetector figures of merit, responsivity and detectivity. 
These were determined through measurement of the response of 
the thin-film samples to radiation from a standard 500° K 
blackbody source. Since it is only necessary to measure two 
quantities, signal and noise directly from the sample itself, 
the evaluation of responsivity and detectivity is quite 
basic in theory. However, a meaningful evaluation of perform- 
ance) required establishing Wand maintaining, the proper oe 
mental conditions which increased the amount of equipment and 
effort ET Since*the' response fof the photodector was 
generally on the order oF microvoltsmacxtreme care and atten- 
tion were required for accurate measurement and for ES 
Cion of en s. f Source sc: Je: 
1. Measurement Apparatus 

A block diagram of the blackbody response measurement 
Sysuemems ssnown an tl. M/M Infrared  diationm irom a stan- 
dard laboratory blackbody source was modulated using a 
mechsnleaissrehopper. The Pby gang 18€ sample was contained 
in a vacuum dewar, cooled by liquid nitrogen, and biased 


through an external supply. The signal was measured using 
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a lock-in amplifier (wave analyzer) with the synchronous 
frequency derived from an optical reference source at the 
chopper. The magnitude of the response signal was read 
from the rampante me ter corEDpecordedouscemngssam3tmpczehart 
recorder. Photographs of the equipment are shown in 
Figures 8 and 9. The experimental apparatus used in the 
measurement of the blackbody response is divided into four 
main groups; 1) the vacuum dewar, 2) the bias circuitry, 
3) blackbody radiation source and radiation modulation 
equipment, and 4) the signal measurement equipment. 
a. Vacuum Dewar 

Narrow-gap semiconductors such as lead-tin 
selenidew@are only ei feceiveras photoconductonrsmal cryogenic 
temperatures. This ils because at room temperature, the 
energy gap “Us only several times kT and the density of 
thermally-generated free carriers is so great that the pre- 
sence of photo-generated excess free carriers 1s virtually 
undetectable. TIn this research, all photoconductivity 
measurements were made with the sample cooled by liquid 
en (boiling point 77° K) which required the use of 
a vacuum dewar. The vacuum chamber served the dual purpose 
of providing an insulation between the liquid nitrogen and 
the atmosphere and of preventing the formation of frost 
from wateExEvapopr in the air which would have ruined the 
sample. 

Two different vacuum dewar designs were used in 


bows research. "A sectioned drawing of the dewar which was 
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FIGURE 8. PHOTOGRAPHS OF THE EQUIPMENT USED IN BLACKBODY 
RESPONSE MEASUREMENT: (a) OVERALL SYSTEM, 
(b) LOCK-IN AMPLIFIER AND ASSOCIATED EQUIPMENT 
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originally used is shown in Fig. 10. As shown, the sample 
was mounted using silicone thermal grease on one side of 
Tnezeopper celd-Timger#vhich was®i contact with Tiquid 
nitrogen contained in the inner chamber. The cold-finger 
| and liquid nitrogen reservoir were attached to the top cover 
plate and the whole assembly was removable to change the 
sample. A copper-constantan thermocouple was attached to 
zumank substrategon thezgother side of the cold-finger for 
monitoring the temperature of the sample. The sample was 
exposed to radiation through the KRS5 window which was made 
of thallium-bromide and had a flat spectral transmittance 
well beyond the cut-off wavelength of the samples. 

Chissen tiro dewarManda"cola-tingerfarrangement 
was originally designed for electrical measurements based 
on the Hall effect which required the long tail section to 
place the sample between the poles of an electromagnet. 
Because orschis, Che originam designi was observed to have 
two major drawbacks. First, with the chopper motor in its 
original mounting arrangement, the blackbody source could 
only be placed 18 cm away from the sample which resulted in 
weak ae elon intensity at the sample. Second, difficulties 
were encountered in maintaining temperatures below 110° K 
for the period of. time required for carrying out a photo- 
response measurement. This was thought to be due to the 
insulating effects of ice which formed between the cold-finger 
and the liquid nitrogen when water which had condensed in 


the inner chamber froze. 
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In an attempt to eliminate these problems, a 
new dewar shown in section in Fig. ll was designed and 
built. In this new dewar, the sample and thermocouple 
were mounted on the face of a copper bar 1.5 inches in 
diameter. The bar extended well into the inner chamber 
and was in close contact with the liquid nitrogen through 
gaaenbersoNEhoPcERupbpllledg in the Dar. The fage of the bar 
was also close to the KRS5 window. Using the new dewar 
and a Bar mounting arrangement for the blackbody source 
and chopper shown in the photographs in Fig. 9, it was 
possible to place the source as close as 5.3 cm from the 
sample, resulting in over ten times more radiation intensity. 

Although ice formation was no longer a problem, 
d ficulties in hieu ina temperatures close to that of the 
E guucusstropene9ewere stil encountered. In bochrdewars;. 
when liquid nitrogen was first poured into the inner chamber, 
the temperature would go down to close to 90° K. The 
temperature would then rise slowly to around 115° K in spite 
of thestact that there was still plenty of liquid nitrogen 
in the reservoir. These difficulties were found to be 
partially due to a measurement problem. The thermocouple 
leads were brought to the outside of the dewar by connecting 
them to a vacuum feed-through. A thermocouple junction of 
polarity opposite to thateof the jJumction on the cold-finger 
was unavoidably formed between the constantan wire and 
the inside lead of the vacuum feed-through. Since copper 


wires were originally used for both leads on the. atmosphere 
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side of the feed-through, the junction was not balanced by 
an equivalent junction at the same temperature. It was 
thought that when this junction was gradually cooled below 
room temperature by the thermal path to the liquid nitrogen, 
an increasing voltage was produced which caused the thermo- 
couple potentiometer to read less than the cold-finger 
junction voltage. To help correct this, copper and constan- 
tan wires were used to connect from the outside of the feed- 
through to the potentiometer. Insulation was used to help 
maintain both sides of the feedthrough, which were opposing 
thermocouple junctions, at the same temperature. This 
resulted in a considerably lower indicated temperature and 
it was possible to maintain the sample at temperatures 
around 95° K to 100° K for fairly long periods of time. 
The factors which prevented attaining temperatures down to 
II the boiling point of liquid nitrogen, were not 
determined: 

cee oles Circuitry 

The TR: circuitry was used to produce a constant, 

low-noise current in the sample. This circuit made it 
possible it changes in conductance of the sample as 
a voltage signal. A schematic diagram of the bias system 
as set up for blackbody response measurements is shown in 
Fig. 12. The system had three main components outside the 
dewar: the power source, the switch box, and the Junction 
box. The power source was a standard laboratory power 


supply (0-500V, 0-100mA) with an external low-pass filter 
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connected for additional filtering. Normally, batteries are 
fad as a power source for photodetectors because, if 

feconne ede ye=prediuce relativedly Ness noise.” However, SENE 
large bias currents required for these samples made it. 
dificult to maintain thembatteries in fresh condition and 
the noise produced by the bias system using the power supply 
was observed to be approximately the same as that from the 
batteries. This was partially due to the fact that when 
using the power supply, the magnitude of the bias current 
could be varied by changing the supply voltage, thereby 
eliminating the requirement for a variable resistor in 

acme tr Clmatemeeneraliyv avery noisy component: 

The switch box following the power supply was 
ieruded Go make it possible to use a multimeter to measure 
the biasHeurrent through"the sample or the, voltage across it, 
Or CO completely eliminate the meter from the circuit when 
photoconductivity measurements were being made. The junc- 
tion box contained the CO Dll Spa Oo tor Tor thefsignal 
output and a switch to select either a 3.8 k-ohm or a 15 k- 
ohm load resistor. When measurements were made using the 
first dewar, the load resistor was contained in the dewar 
at low temperature to reduce the thermal noise and external 
BPrekupssslloweyer, errceuitryzeontammedäin the newfdewarzto 


be used for transient response measurements made it necessary 


x DiC D mipanedo5ystemsmsnelineering, p. 3355 
Wiley, 1969 
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to put this load resistor outside of the dewar. The load 
resistor in the junction box could be shorted out with the 
switch when the d.c. voltage across the sample was measured 
to determine its resistance. The internal circuitry of the 
dewar consisted of two coaxial cables, one carrying bias 
current in and the blackbody response signal out, and the 
other carrying out the transient response signal from the 
50-ohm impedance-matching resistor when these measurements 
were made. 

c. Radiation Source and Modulation Equipment 

The sourceso@ the infrared radiation used in 
this research was a standard laboratory blackbody radiation 
source (Barnes model 11-101T-1). This source had a four- 
lee negdegrnceegiconisce-dNcavity,Waftwenty degree field of view, 
and an emissivity of CONES The blaekbody source was 
maintained at a constant temperature by a Thermacaecontroller 
and was set to within one degree of 500% K based on the 
measurement of the cavity surface using an iron-constantan 
Chermocowelece inserted through thejaperature. 

The radiation was modulated at one kHz by a 
chopper blade nine inches in diameter and with fifty slots. 
The blade was driven by an Electro-Craft motor-generator 
and speed controller. The chopper motor was mounted directly 
above the blackbody source on a metal stand which incorporated 


a heavy shield to protect the chopper blade. 


ls ict Chm ian Ga, HandbveekwofeMilitary Infrared Technology, 
EGO Verrmentemiintine Office, 1971. 
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The lock-in amplifier used to measure the signals 
from the irradiated sample required a reference frequency 
input of precisely the same frequency as the modulation. 
This was produced by an optical reference source mounted 
on the chopper stand so that the slotted chopper blade 
modulated the radiation from a light-emitting diode which 
illuminated a reverse biased silicon p-i-n diode. This 
circuit (Fig. 13) produced a signal sufficiently strong 
and free of harmonics to synchronize the lock-in amplifier 
reference oscillator. 

d. Signal Measuring Equipment 

The response of the thin film samples to the 
modulated blackbody radiation was generally a very small 
Vemuacle onthe order sol microvells accompanied by a large 
amount of wide-band noise. Accurate measurement of this 
signal required the use of a lock-in amplifier capable of 
detecting signals as low as a few nanovolts and sometimes 
Perc ouGeccply in noise, In his research, a Princeton 
Applied Research Model 124 Lock-In Amplifier with the Model 
116 or the Model 118 Preamp was used for measurement of 
the signal and the noise [Ref. 27]. 

As shown in Fig. 7, the signal" entered the 
lock-in amplifier at the preamplifier. This section pro- 
vided an extremely low-noise amplification matched to a 
range of source impedances. The Model 116 Preamp was used 
in the transformer mode in which an impedance-matching 


transformer was placed between the source and the amplifier 
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for measurements on low-resistance samples. In this mode, 
the noise figure for the entire amplifier was less than 
S aB for source resistances from 6 to 600 ohms at a frequency 
of 1 kHz. The direct mode, in which the transformer was 
by-passed, was used for measurements of high-resistance 
samples and the noise figure was less than 3 dB for resis- 
tances greater than 1 k-ohm and less than 100 M-ohm. +? 
Following the preamplifier, the signal passed 
through a bandpass amplifier of variable center frequency 
and bandwidth to filter out all frequencies except the band 
in which the signal was expected to be. The signal was then 
fed into a synchronous detector in which the signal was 
multiplied by the output of an oscillator locked on to 
the reference frequency from the chopper. This converted 
the selected band of frequencies to an equivalent bandwidth 
centered at zero Hz by the heterodyne process. Any component 
of the input signal of frequency precisely equal to that of 
the reference signal was thereby converted to a proportional 
Beonporlenzsossdıreer current. Te output of the synchronous 
detector passed through a lowpass filter with a time constant 
which could be varied from 3 m-sec to 300 sec, so that all 
unwanted frequency components above zero Hz were eliminated. 
The output from the lowpass filter was indicated on an 
average-reading meter on the lock-in amplifier or recorded 


on a Brush strip-chart recorder. The lock-in amplifier 


13 Princeton Applied Research, Inc., Instruction Manual: 
Lock-In Amplifier, Model 124, p. ITI-10, 1971. 
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was calibrated using its own built-in voltage calibrator 
since a precision source of microvolt and nanovolt signals 
was not otherwise available. 

The lock-in amplifier was also used to measure 
the detector noise. This was done with the amplifier 
operating in the ACVM mode in which the output of the band- 
pass amplifier passed directly to a full-wave rectifier and 
then to the lowpass filter and meter. The "10% ENBW" 
setting of the een dial was used to give an equi- 
valent noise bandwidth of ten percent of the center fre- 
quency: This setting incorporated compensation for the 
difference between equivalent noise bandwidth and half- 
power bandwidth and for the error inherent in measuring 
a Gaussian process with an average-reading meter (Chapter 
II). Higher values of Q in the bandpass amplifier were 
frequently used for narrower bandwidths when it was desired 
to filter out specific frequency components such as the 
power line frequency and its harmonics. An oscilloscope 
was connected a "SIGNAL" output of the lock-in ampli- 
fier to observe the signal before the synchronous detection 
Ormrnce mouse: Getome rectification: 

2. System Noise Investigation 
The noise in the measurement system was angextremely 
impornzant ¡factor insevaluation of photodetector performance. 
SincezcheMrespensezofs the detector was generally only sa 
few microvolts, excessive noise in the system would have 


made measurement of this signal very difficult .and uncertain. 
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Also, since the noise from the detector itself was a 
Sh. factor in the fillguret of merit, detectivity (D*), 
it was important that the measured noise could be assumed 
to be mainly from the detector and that this noise could 
be measured without large error. For these reasons, the 
problems of noise measurement and external pickup were 
Piven careuul consideration. 

a. Johnson Noise Measurement and Noise Spectrum 

The initial noise investigation was made using 

the lock-in amplifier to measure the noise in eight pre- 
cision wire-wound resistors for which the noise output was 
uno Berencırely Johnson or thermal noise. The 5 
resistors were connected at the input terminal of the ampli- 
fier and the noise was measured using four different center 
frequencies each with four values of Q in the bandpass. 
amplifier section, and with the meter operating in the ACVM 
IO ica veNsixveen data points al ten different 
values of system bandwidth. The measured voltages were 
corrected for Bhe anpletiar noise figure which was approxi- 
mately 1 dB over the range of resistances and frequencies 
used, and for the error due to the Gaussian nature of the 
nosdesExnenmtsroneocsbefore. ~The theoretical Johnson noise 
and the measured noise were compared by plotting them 
versus the noise equivalent bandwidth on a log-log scale. 
This is shown in Fig. 14 for three values of resistance. 
As shown in the graph, the measured noise voltage varied 


ie her square Poot of the noise equivalent 
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bandwidth as predicted by theory. However, the measured 
and theoretical voltages differed by a ratio which was 
approximately constant for a given resistance, but varied 
from one resistance to another. The reason for the varia- 
cCiontof Chis ratio with resistance was not determined. 
Errors due to calibration and/or difference in actual and 
indicated center frequency and Q of the bandpass amplifier 
weuligshavezresulted in a ratio that was more or less constant 
for all the resistances. It was thought that the typical 
noise figure curves for the lock-in amplifier which were 
Supplied by the manufacturer were somewhat conservative 
IC I pos pro r he part culate unit whieh was used, indi- 
cating more amplifier noise than there actually was. The 
noise figure Wasmume enly Scaling factor in the system 
which had a dependence on the value of resistance. The 
ratios of measured noise to theoretical Johnson noise for 
The resistances used are listed in Table II along with the 
standard deviations of the data points about this ratio. 
The results of the Johnson noise measurements gave two 
important Acro eso since une maximum error was 
less than twenty percent, it appeared that noise could be 
measured by the lock-in amplifier with a fair amount of 
Conti i@ence, SspecHaliy if order—-of—-magnitude accuracy was 
all that was ee second, since the measured noise 
udo na chansche cheereticealznolse, nolse generation 
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Breowerk*-borazorfiesgInemt A Practical Guidea to 


Measurement of Weak Signals Buried in Noise, p. 22, 1968. 
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TABLE 11 


RATIO OF MEASURED NOISE TO THEORETICAL 


JOHNSON NOISE IN SEVEN RESISTORS 


Resistance Ratio Standard 
(ohms ) (V/V 5) Deviation (%) 
423 D 4.6 
830 0.91 5.4 

1155 0.89 5.H 
1650 0.207 4.8 
2030 0.86 6.4 
2590 OO O 
3220 0.81 Sm 
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and pickup by the lock-in amplifier in this range of 
frequencies could be considered to be insignificant. 

The success of any attempts to eliminate noise 
in the measurement system depended in part on the environ- 
mental noise present in the lab and not originating in the 
measurement equipment. To investigate this noise, measure- 
ments were made of the noise with a 20 ohm resistor in place 
of the sample in the dewar. Data was taken using a narrow 
bandsidth at various center frequencies from 5 Hz to H00 Hz. 
One set of measurements was made during the day with the 
Aver rnean itents, the blackbody temperature controller, and 
two vacuum pumps operating. A second set was made late at 
night with all lights ana other equipment turned off. The 
two noise frequency spectra obtained are shown in Fig. 15 
in which the normalized noise voltage was plotted versus 
frequency. As expected, there were relatively strong noise 
components of power-line frequency and its harmonics present 
in both cases, although these components were considerably 
weaker in the quieted noise environment. It was found 
later that the strong harmonics of 60 Hz in the noisy 
environment originated mainly, if not entirely, in_ the 
blackbody source and its controller. The strong component 
denos at tie SeCcOndsancd@sixth harmonics of 60 Hz resulted 
from the extremely rapid rise of current in the power line 
Nicea Cc E Control leri Curned on during both the 
positive and negative portions of each cycle. It was found 


that this noise could be almost entirely eliminated by 
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proper grounding as will be described later. Beyond 400 
Hz, the power line frequency harmonics were not strong and 
it appeared that measurements could be made at these higher 
frequencies without concern with excessive extemal noise. 
Any measurements made below 400 Hz would have to be made 
with a narrow NE ES and at frequeneies other than 60 
Hz and its harmonics. | 

b. Shielding and Grounding 

Proper shielding was an extremely important 
consideration in reducing external noise pickup. According 
to universal practice, all signal-carrying leads were 
shielded coaxial cable. The type used was Microdot low- 
noise, 50-ohm cable made with high resistivity Teflon 
dielectric which allowed a very small shield diameter 
(0.1 inch). This cable also had powdered graphite between 
the dielectric and shield to redueewstbat re electricity 
caused by eablezriexing, a potential source of noise. 

Al Sens in the bias circūüitffrom the power supply to the 
sample were also Microdot cable with the exception of those 
side the junction box (Fig. 12) which was an electrically- 
sealed enclosure using coaxial feed-throughs at all 

Er ermealzseonneerions. 

The lock-in amplifier was capable of excluding 
practically all random noise of continuous frequency distri- 
bution but was naturally extremely sensitive to any noise 
with a finite frequency component at the chopping frequency. 


Ie aso peclralettorts were required to reduce 
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leakage from the frequency reference circuit into the 

Signal channel. As originally mounted on the chopper 

stand, this circuit had no shielding and used an open two- 
wire connection to its power supply. This configuration was 
very effective in transmitting a signal synchronous with 

the chopping frequency into the signal channel. Careful 
shelling of the reference! frequency circuit, use*of a 
shielded cable to its power supply, and incorporation of 

a ass filter between the circuit and power supply 
reduced the synchronous noisie entirely, 

The grounding arrangement for the equipment in 
the measurement system was probably the most important 
factor in making the system as free of noise as possible. 
When the entire measurement system was originally assembled, 
a resistor was mounted in the dewar in place of the sample 
to determine the system noise. The system was found to be 
completely inundated with power line harmonic noise. The 
reasoner this turned out to be much sSimpler than the 
effort required to determine it and correct it would seem to 
Idi cati, A portion of the noise was eliminated simply by 
shifting the blackbody controlter's power cord from the 
benehwsupply Uo a nearby wall outlet, although the reason 
for the improvement was not known at the time. Another 
large part of the noise disappeared when the metal legs of 
the blackbody source were insulated from the metal base- 
plate on which the dewar and chopper stand were mounted. 


Apparently; afsitrong electromagnetic field was generated 
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by rapidly switching current in the heating coils of the 
Briackbody source. It was thought that this field gave rise 
Pome LCCurmemcuUrrencess caurougm tne loop of the metali legs 

and base-plate which propagated into the signal channel 
through the dewar. Replacing the metal legs with ones 

made of plexiglass solved the problem and turning on the 
blackbody and controller no longer caused substantial 
increase of the noise level. 

The other equipment, however, still introduced 
an unacceptably high amount of noise into the signal channel. 
The contribution of each piece of equipment was determined 
by the change in the noise which resulted when each was 
turned off. These noise voltages, measured with a Q of 
20 and a center frequency of 1 kHz, are listed in the first 
column of Table III. (Noise is usually normalized to a 
l-Hz noise equivalent bandwidth. However, this is only 
meaningful for noise with a flat frequency spectrum which 
was gec idedliy not the case here. Also, for Gaussian noise, 
che voltages are generally added as the square root of 
the Jun of the squares, since noise power is the only truly 
meaningful quantity. The noise being measured was most 
likely not Gaussian in this case, E for the sake of 
simplicity, the voltages measured were considered to add 
directly.) It was at this point in the investigation that 
it was learned that the bench power outlet was on an un- 
grounded power distribution system while the wall outlet 


was, of course well grounded. Placing all of the measurement 
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TABLE III 


NOISE CONTRIBUTIONS OF EQUIPMENT IN THE MEASUREMENT 
SYSTEM FOR TWO DIFFERENT GROUNDING SYSTEMS 


334 ohm resistor in the dewar, 


Noise with 
Noise Source un-grounded 


Pue sy sur (nV) 


Bias Power Supply 


Chopper Motor and 
Controller 


Reference Freq. Source 
RES Uae 


Vacuum Pump 
X-Y Chart Recorder 


Brush Strip-Chart 
Recorder 


Oscilloscope 

Digital Multimeter 

Digital Thermocouple Meter 
PAR Lock-In Amp 
Theoretical Johnson Noise 


Total Measured Noise 
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equipment on the grounded system resulted in a decrease in 
the noise level of more than an order of magnitude. The 
contributions of each piece of equipment with this improved 
grounding arrangement are listed in the second column of 
Table III. 

In the measurement of voltages in the millivolt 
or microvolt range, the problem of ground loops can generally 
be neglected. However, in measurement of voltages on the 
order of fractions of a microvolt, the problem requires 
special consideration. A ground loop is defined as any 
conducting closed path in the grounding network through 
which currents generated by stray electromagnetic fields 
can flow such as the loop shown in Fig. 16-a. In this case, 
currents flowing in the loop produce a voltage drop B el 
between the two ends of the shield on the signal cable 
15 


which causes the measured voltage to be E, plus Bol: 
The preamplifier of the lock-in amplifier was designed to 
Beapzeifiminadertcheteffectseer the sround loop by using a 
differential input amplifier. As shown in Fig. 16-b, a 

10 ohm resistor was connected between the inverting input 

and the ground. The result was that most of the potential 
drop in the ground loop äppeared across the resistor where 
its effect was eliminated by the 120-dB common mode rejection 
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Os che differential input io Even with this 


provision, it was recommended that ground loops be avoided 
if possible. 

The measurement system using the first dewar and 
chopper stand had an unavoidable ground loop as shown in 
Fig. 16-c, since both the chopper stand and the dewar were 
grounded to the metal base-plate on which they were mounted. 
However, since the measured noise was only a few times 
greater than the theoretical Johnson noise of the resistor 
in the dewar, the differential amplifier scheme was appar- 
ently effective and this pàrticular ground loop was not 
considered a serious problem. When the measurement system 
was set up using the new dewar and chopper stand, the ground 
loop was eliminated by insulating the dewar and all associ- 
ated bias circuitry from the base-plate (Fig. 16-d). This 
arrangement proved to be somewhat better in eliminating 
noise. 

Bas eds nsehedreMioy=tempoernatbrerteosistance, the 
samples fell into two main categories; the low-resistance 
samples Wezezallzaround one Togthree hundred ohmstandsthe 
INE tana: samples WereeinschesnangeZfroem ten o 
twenty k-ohms. External noise pickup of the system in its 
final configuration was evaluated using a resistor in each 
of these ranges mounted in place of the sample in the dewar. 
The normalized noise measured with a 370 ohm resistor was 
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250 nv/Hz+/2, approximately equal to the theoretical 
Johnson noise, 2.2 nv/HzT/®. with a ten k-ohm resistor 
in the dewar, the noise measured was 26 r r e, two and 


1⁄2 This noise fell 


a half times Johnson noise, 10 nV/Hz 
to 12 nv/Hz1/° when the blackbody controller was turned 
off, indicating that this was the major source of the excess 
noise. The noise contributed by the power supply was 
measured by observing the increase in noise when current 
Br flowing in the resistors. There was no noticable increase 
in noise using the 370 ohm resistor. However, with the ten 
konm resistor an increase! in noise of approximately 
T5 is per milliampere of current was found. Since 
the Erede ne samples typically had high noise outputs 
on the order of several microvolts and were biased with only 
Beam) I Tamperes ot current, the larger amount of noise 
measured with the ten k-ohm resistor was considered as 
relatively insignificant. 
3. Blackbody Response Measurement Procedure 
The procedure for evaluation of detectivity and 
responsivity for the Pbg, g9ng. 19€ samples had three phases: 
preparation, measurement, and calculations. 
a. Preparation 
The preparation for the measurement started 
with mounting the sample on the copper cold-finger in the 
original dewar or face of the copper block in the second 
dewar, using silicone thermal grease as an adhesive and 


thermal connection. The two wires used to pass current 
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through the sample in the Hall-effect measurements (contacts 
l and 5 in Fig. 1) were connected to two terminals on the 
mounting surface using low-temperature indium-alloy solder 
and the remaining six lëads were clipped off. The two parts 
of the dewar were then put together and the vacuum chamber 
was evacuated to twenty microns Hg or less. The blackbody 
controller was adjusted so that the blackbody source had a 
temperature within one degree of 500° K and enough time was 
allowed Fer the source to stabilize at this temperature. 
Once a sufficient vacuum had been attained, liquid nitro- 
Ben was poured InCo thefreservoir and the#fsampletwas cooled 
colas low a steady-state temperature as possible. 

The chopper motor was turned on and given 
sufficient time to warm up. It was then adjusted to pro- 
duce a chopping frequency as close as possible to 1 kHz 
TO Tpar inge tre output ol tHe chopped reflerence source to 
a 1 kHz signal from the lock-in amplifier's internal 
Pre lator on an oscilloscope. m It masinecessery to repeat 
this adjustment periodically throughout the measurement 
since the chopper motor had a tendency to wander from its 
set speed. Ałthough the lock-in amplifier would easily 
synchronize with a reference signal over a wide range of 
frequencies, the center frequency of the bandpass amplifier 
was fixed at 1 kHz. To reduce any phase shift and attenua- 
tion of the detector signal in this section of the amplifier, 


the chopping frequency had to be maintained close to 1 kHz. 
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Dou Moensunemenoc 

Only two quantities had to be measured from the 
sample, the response signal amplitude when the sample was 
exposed to the modulated blackbody radiation and the noise 
voltage from the sample when the radiation was blocked. 
These two quantities were measured for various values of 
bias current in an effort to find the best signal-to-noise 
ratio. Once the steady-state low temperature had been 
reached, the resistance of the sample at this temperature 
was determined by passing one milliampere through the sample 
and measuring the voltage across it. Based on this resistance, 
a starting bias current was selected which was generally 
five milliamperes for the low-resistance samples and one 
milliampere for the hish-resistance samples. The current ^. 
was eontrolled by adjusting the power supply voltage while 
watching a milliammeter switched into the circuit at the 
switching box (Fig. 12). When detector measurements were 
taken, the meter was switched out of the circuit so that 
all leads were Pus to prevent noise pickup. If this 
was not done, the open wires running to and from the milli- 
ammeter alone introduced so much noise into the system that 
the lock-in amplifier was overloaded on the five millivolt 
Scalo. 

The detector signal was recorded as the average 
indicated value on the amplifier meter with the sample ex- 
posed Co thesmeduliated@gradiiation and with the lamplifler in 


the phase-sensitive detection mode. The lowest possible Q 
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was used on the bandpass amplifier to alleviate the attenu- 
ation and phase-shift En desemlbed before. Hoyever, 
sile sio Op lower titan ten generally let so much noise pass 
that the amplifier was overloaded. The phase control for 
the reference oscillator was adjusted for a peak meter 
Inedlcetionssr cheestart of each measurement. wFor all but 
the least sensitive samples, the meter indication was very 
steady when a time constant of one or three seconds was 

used on the low-pass filter. Once the signal voltage was 
recorded, the radiation was blocked to ensure that the 
amplifier indicated zero signal and that there was no 
simelmonousMmolse present causing a zero offset error. 

When samples of very low sensitivity were measured using 

the first dewar and chopper stand arrangement, the meter 
reading varied considerably and there was an indication of 
some synchronous nolse in the signal channel. To overcome 
these problems, the strip-chart recorder was used to record 
the output of the amplifier over a period of one minute or 
longer with the sample illuminated and with the radiation 
blocked The two traces were then averaged graphically and 
the signal amplitude was taken as the difference between the 
two traces. Using the new dewar and ehopper stand arrange- 
ment, however, signal voltages as low as 40 nV were measured 
with a very steady meter indication and no zero-signal offset 
error. The use of the chart recorder was never required. 


One sample which was considered to be insensitive as a result 
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om measurements madeswath the first system was shown to 
have a weak but definite sensitivity when re-evaluated with 
the new arrangement. 

The lock-in amplifier was then switched to the 
volkmeter mode with the bandpass®ampilifter Q set to the ten 
percent noise equivalent bandwidth value. The noise was 
recorded directly as normalized noise. (With a center 
Prequciicysor@lerHZ.e the Moise bandwidthewasel00 Hz so the 


1/2) 


meter reading was simply divided by 10 Hz During the 
progress of the measurements, the sample temperature and 
blackbody temperature were monitored to ensure that they 
did not deviate significantly from the recorded values. 
Once the optimum bias current for a signal-to-noise ratio 
was found and the corresponding signal and noise voltages 
were recorded, the measurement was essentially completed. 
al culations 

The calculations of responsivity and detectivity 
were done by entering the valueSgorfgsipgnaliand noise voltages 
and of the experimental parameters recorded in the measure- 
mentsphasefinto Lhemstandard rellavionshtps given in Chapter 
II. Before this could be done, however, it was necessary 
to apply two corrections to the measured values of signal 
andemor sen serie Bis correction was to s fs the 
attenuation of the signal caused by the load resistor. 
Since the change in conductivity of the sample was detected 
asc nano Lane voltage across it. ideally the bias 


current should have been perfectly constant which would have 
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required an infinite load resistance. Using a constant 
supply voltage and a finite load resistance resulted in a 
lower signal than would have been observed under the ideal 
conditions. The simple correction used which is shown below 
is derived in Appendix B. Since the detector noise dominated 
the measured noise, this was considered as a form of signal 
rom the detector which Suffered the Jame attenuation and 
required the same correction. The second correction factor 
was applied only to the measured noise. It was done to take 
the lock-in amplifier noise into account using the noise 
figure contours supplied’ with the amplifier. The following 
is a summary of the relations and constant values used in 
Che calculations- 


BD 


V (l + “D, VRR -1 (NF/20)) 
N NM i 2810 


< 
! 


Von = measured signal voltage. 

Vo = corrected signal voltage. 

VNM = measured normalized noise voltage. 

VN = corrected noise voltage. 

Rp = detector resistance at measurement 
temperature. 

R. = load resistance. 


No = lock-in amplifier noise figure. 
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n _ (Tap -Toy ) " Ap 
CH W B T B al 
V Va/V 
= ES * = S N ° 
R Ps D P. | AD 


p.m.s. value of fundamental eomponent of 
modulated radiation signal (watts) 


responsivity (volts/watt) 


1/2 rl, 


detectivity (cm-Hz ` 
form factor for the chopper waveform (0.375) 
transmittance of the KRS5 window (0.7) 
emissivity of the blackbody source (0.99) 


Stefan-Boltzmann constant 
(5.67 x 10 W=enm => ae 


= blackbody temperature (° K) 


chopper blade temperature (° K) 

blackbody aperature area (0.4 em‘) 

detector sensitive area (0.2 en 
dlisitanee*#irom bDalickbedy source aperaturesto 
the detector (18 em for the first dewar and 


Chiopper#stand andf5f; tem for tHe new 
arrangement ) 


The chopper form factor Aoi, Was ehe maibro of the r.m.s. 


value of the fundamental component of the signal waveform 


produced by the chopper to the peak-to-peak amplitude of 


this signal as described in Chapter II. It was derived as 


indicated in Appendix C based on the dimensions of the 


slots in the chopper blade and of the blackbody source 


aperature. 


The transmittance of the window was specified 
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by the manufacturer and was verified as a conservative value 
in terms of detector performance by measurement on a Perkin- 
Elmer spectrophotometer. The temperature of the chopper 
blade was taken as room temperature since this was the 

lowest probable temperature of the blade and the difference 
between the blackbody and chopper temperatures was no greater 


than that based on this assumption. 


B. MEASUREMENT OF SPECTRAL RESPONSE IN Pb SEZTHIN Keen 


ER 
The response as a function of wavelength of the incident 
radiation was determined for the most sensitive sample using 
equipment in the TRW Systems Microelectronics laboratory 
Hine CONGdOsbCag@en Cala torniasm: (his equipment consisted 
Of a &elowbapr radiation source, a self-synchronizing chopper, 
a Leiss monochromator, a thermocouple detector as*a ‘black 
detector, and a Princeton Applied Research Model HR-8 
Lock-in Amplifier. The radiation from the glowbar was 
modulated by the chopper and dispersed in the monochromator. 
A slit width was used to give a resolution of approximately 
0.2 microns. 

To determine the spectral response of the PDA gang, 19€ 
detector, it was necessary to determine the spectral distri- 
bution of the radiation incident Gmm sc Lector. This was 
Cornee iy tncCmirnermOocouplesdetector which was” assumed to 
have a response which was independent of wavelength and 


dependent only on the energy in the incident radiation. 


Bpelontput or mane lock-in amplifier, with the thermocouple 
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connected through an impedance matching transformer, was 
recorded at 0.2 micron intervals for wavelengths from 2 
microns to 14 microns. 

The sample was mounted in the second dewar which was 
evacuated and cooled with liquid nitrogen as before. The 
same bias circuitry described in the previous section was 
used and the chopping frequency was 1.3 kHz. The position 
of the dewar relative to the output aperature of the mono- 
chromator was adjusted for the best response. The detector 
signal indicated on the lock-in amplifier was recorded for 
various wavelengths of radiation and at six different temper- 
atures. The signal voltage was then divided by the response 
of the thermocouple detector at the same wavelength to 
Heommalizesthne response to constant energy. The normalized | 
values at each temperature were then converted to relative 
Bere var Donse wisi o peak of unity by dividing each 


value by the maximum at that temperature. 


C. PHOTOCONDUCTIVE TRANSIENT RESPONSE MEASUREMENT 
Transient response measurements were made on Pbg c 


S Se samples to determine the time constant of rise and 


o. 
decay of the detector signal when irradiated by a rectangular 
pulse of radiation. Since these response time constants 

were generally just several nanoseconds, it was imperative 
cos: Desio LCRO radiation be capable of producing a 


pulse with very fast rise and decay and that the equipment 


used to observe the detector response also have an extremely 
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fast response. The basic method of measurement of transient 
response was to irradiate the sample with a pulsed GaAs 
laser, photograph the response as displayed on a sampling 
oscilloscope, and measure the response time constants from 
the photograph. These constants were then compared to 
the calculated value of effective photoconductive lifetime. 
1l. Apparatus 

The apparatus used for transient response measure- 
‘ment had three main components: the sampling oscilloscope, 
the cooling and bias equipment, and the laser radiation 
source and its pulse generating system. A schematic 
diagram of the circuitry in this measurement system is 
shown in Mig: 17 and photographs of the equipment are shown 
ie. 10% 

a. sampling Oscilloscope 

Thef principle of operation of the sampling 

oscilloscope was to reconstruct one period of the waveform 
of a pulse train by sampling successive pulses at different 
points in the waveform and displaying the train of samples 
On) Ghegserech asemzche sitroboscopie effect. This made it 
possible for the scope to faithfully display signals with 
very fast rise and decay without the tremendous sacrifice 
of gain that generally results in conventional wide-bandwidth 
oscilloscopes. The oscilloscope used was a Tektronix Type 
561B with a Type 381 dual-trace sampling unit and a Type 


SI AESsampldne sweep unit. Ft had a specified rise time 


82 





JVMAG dWIdWVS 


MEP el > 


ATLINDHTO 
© SVIH OL 


| HJODSOTITOSO 
N Z| ENEE 


HVMAd THSVI 





la 


INDI AVIHO 'IVIXVOO 


ds 1d 


AHLIQOOHIO 


INFNHHASTVHN YSNOdSHH 


INUISNYAL 


(40S) HOLSISHM - 
AVOTl SNIOHVHO | | 


IS 








FIGURE 18. 


(a) 


PHOTOGRAPHS OF EQUIPMENT USED FOR TRANSIENT 
RESPONSE MEASUREMENT: (a) PULSER AND SAMPLING 
OSCILLOSCOPE, (b) LASER DEWAR, SAMPLE DEWAR, 


AND LENS BLOCK. 
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of less than 0.35 SP det The screen presentation 
was photographed with a Type C-27 oscilloscope camera using 
Polaroid 109 film. | 
b. Cooling and Bias Equipment 

Ihe new dewar was used to mount and cool the 
sample and the KRS5 window was replaced by a 125 mm focal- 
length f/5.0 lens. The bias circuitry was changed somewhat 
due to the requirements of a wide-bandwidth system. The 
signal was taken from a 50 ohm load resistor for impedance 
matching and the resistor was connected between the detector 
and ground in the dewar to simplify the shielding and | 
grounding arrangement. To make the signal path as short as 
possible, a capacitor was connected across the sample and 
aces is tor inside the dewar. The junction box used for. 
blackbody response measurements was no longer required an 
the switch box was connected directly to the dewar (Fig. 17]. 

mi Laser ana Pulse Generator 

The laser (J Seq as easource Ot pulsed 
radiation was an BCE TA-7088A GaAlAs injection laser which 
was actually an array of fifteen heterojunction laser diodes 
electrically connected in series and mounted in the same 
package. The room-temperature operating characteristics 


of this ev Lee are listed below. x 


sii MevVitibiss,8W. ES and Klunk, 5. L., "Solid State 
Pulse Power Supplies for RCA GaAs Injection Lasers," 


RCA Optoelectronic Products Application Note AN-4469, 
DIE February; 1972. 
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Are 


Wavelength 9050° A 


Max. pulse duratlon wowace tt croseconds 
Max. duty factor 0.02 % 
Lasting threshold current TA 
Peak drive current DDR A 
Min. peak power at 25 A. T5 W 
current 


SE the output of the laser corresponded 
directly to the driving current once the Lasing threshold 
was reached [Refs. 30 and 31), very fast rise times were 
possible if a current pulse of sufficient amplitude and 
speed of rise and decay were available. This pulse was 
produced using a Tektronix Model 109 pulser, which had a 
PEEL ie eee MENO ee SSN Meran Condor 8 
charge a delay line through the laser. The pulser was 
basically a mechanical reed switch with mercury-wetted 
contacts and driven by a magnetic field oscillating at about 
500 Hz. The coaxial delay line was 500 cm long, had a 
Specii ed pise tinme ok less Chan 0.1 nanosecond and produced 
a rectangular pulse 120 nanoseconds media Cone nel aser 
driving circuit was a 50-ohm system, and impedance matchings 
were required at all terminations to prevent Affections 
which would be detrimental to fast rise and decay. The 
necessity of using the 50-ohm system meant that fairly high 
grim h abp person Unca dela vVaiimes were required for high 
injection current in the laser. Since the forward bias volt- 
apewacrosss cach of the fifteen diodes in the laswer was 


seven volts, at least 800 volts were required just to produce 
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the 7-ampere threshold current and 1500 to 2600 volts were 
needed for really high laser power output. This high power 
would have been necessary to produce an observable response 
Rromzche wveakssamples "since The sensitivity of thessampling 
oScilloscope was very low compared to that of the lock-in 
anpliiser. 

The laser was originally operated at room tem- 
perature with the delay line charged to 1500 volts. The 
AA ss ennnen Sampling resistor int neNcircult, as 
observed on the sampling oscilloscope, indicated a driving 
cumsentepulsewmot twelve to thirteen amperes which should 
have produced a peak power output of about thirty watts. 
Unfortunately, the reed switch in the pulser was only rated 
for 300 volts and was soon rendered inoperative by the 
extreme overload. Consideration was given to using a solid- 
Suavetsilicon-controlled-rectifier pulser since it is’capable 
of operating at the current and voltage levels required. 
However, the fastest rise time of the solid-state pulsers 
was far too slow for this application (20 nanoseconds or 
more). 

In order to drive the laser with the extremely 
fast reed switch in the pulser and still obtain fairly high 
peak power output from the laser, it was necessary to cool 
Energy IcurdEnitpopbpen).wmAUT Liquid nitrogen temper- 
ature, the threshold current and forward-biased voltages 


were reported to be one-tenth and one-fourth of their 


on 
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room-temperature values respectively, while the radiant 
rr cileney was reported to improve by a factor of ten 
[Refs. 30 and 31]. 

To enable operation at low temperature, the 
laser package was mounted on the copper cold-finger of the 
old dewar along with a 50-ohm matching resistor and a 
clipping diode. The diode was included to prevent any 
meverse: base Ol @une Blaser duel go undershoot and ringing in 
the power pulse which would have ruined the laser. A current 
sampling resistor was not included due to the difficulty in 
mounting the laser if its cathode had to be insulated from 
the cold-finger which was at ground. ‘he KRS5 window and 
its mounting block on the laser dewar were replaced with a 
larger block holding two lenses as shown in Fig. 19. These 
lenses focused the light from the laser on the sample mounted 
in the new dewar when Che CWO dewars were placed together 
as shown in Fig. 18. When the laser was cooled to around 
100° K, the threshold pulse current was observed to be less 
bhanwencwampenc. en fairi peworiubcourput could be obtained 
from PN laser with only 500 volts due to the reduced 
forward-biased voltage and improved efficiency. 

2. System Risetime Measurements 
Before making any transient response measurements, 
the rise time and decay time of the radiation source and 
its power supply were determined. The photographs in Fig. 
20 are the leading and trailing edges of the voltage pulse 


WuEbhEEIcENUUscemNEeonnected'duireetly to the sampling oscilloscope 


88 





SINZIEHNSTAN YSNOdSHH INHISNVHL 
NI CHSA NEISAS FVOLLIO HHL HO DNIMVIO CHNOLLOYS 


T IdINVS 
LOINI YHMOd UHSVI 
Adora 
dis VI 
SV[VED 
UVMHI HS VI 
y^ — j 















S 





vf 


7 v A / | PASS 
| Tu i A/S. 





eo) ape toe > a pr 


D LM / 
7 ZZ Z 


x 






2. Py 
17 77 VA 


A ! 
DS 


MN 


MOOIE SNHI 


í 
; 
/ 
A 
A 
2222 1 | SS z 
< I I i s < YY 


6E HUODIA 


UVMHC FIIS 


N 


El lin cd 


MIA 7A 


A 


Vl 


ESAS TEA A A IA 


9 


CO 





TIPO 


FTT 


Pt 


H 
E 
h 
H 
H 


— momo 


L EL. LIII A A T 


4 


PEC RARA. A 





DILIPPIII 


0.5 ns/division 2.0 ns/division 


FIGURE 20. LEADING AND TRATLING EDGES OF THE PULSER OUTPUT 
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FIGURE 21. LEADING AND TRAILING EDGES OF THE P~I-N DIODE RESPONSE 
TO THE LASER OUTPUT 


90 





input through an attenuator. The ten-to-ninety percent 

Pesce anomareay wimes) of the delay line, pulser, and sampling 
oscilloscope together were found to be 0.3 and 2.4 nano- 
second respectively, well within the required range. The 
lower step in the decay of the pulse was a characteristic 

of the pulser-delay line combination and was unavoidable. 
This step reduced the accuracy with which decay time con- 
stants could be measured but was not considered a serious 
dalt ion. 

The form of the light pulse from the laser was 
observed by focusing the radiation on a fully-depleted 
silicon p-i-n photodiode which was reverse biased with 45 
volts. The voltage produced by the diode photo-current 
flowing through a 50 ohm load resistor was displayed on 
the sampling oscilloscope. The response time of this type 
Omepnovo-diode is typically taround 10 picoseconds so the 
uWoWcleribeggehe#output okthe dilode circuit was considered 
to be essentially the same as the waveform of the light 
pulse. The leading and trailing edges of the response of 
the p-i-n diode to the laser pulse are shown in Fig. 21. 

It is interesting to note how closely the laser light pulse 
conformed to the shape of the driving current pulse as indi- 
cated Dy Gaceiaenticaw lower step in the*decay portion of 
the waveform. The ten-to-ninety percent rise and decay times 
of the laser light pulse were found to be 0.5 ns and 5 ns 
respectively. The decay time was somewhat longer than 


expected. However, in view of the fact that a ninety-to-ten 


} 
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percent decay time is equivalent to more than two exponen- 
fial Dimesconstants, this decay was still considered quite 
satisfactory. 

3. Transient Response Measurement Procedure 

The procedure for the measurement of transient 
response was begun by mounting the sample on the cold- 
surface of the new dewar as for blackbody response measure- 
ment and evacuating both the sample dewar and the laser 
deyar NERC dewars were tplaced tosether asishown in 
Fig. 18 and both the laser and the sample were cooled to 
around 100° K using liquid nitrogen. The sample bias current 
was adjusted to a relatively higher value than that used 
for blackbody response to obtain a stronger output signal. 
With the laser power supply and pulser turned on, the | 
trigger, vertical scale, and time scale controls on the 
sampling oscilloscope were adjusted for the best presentation 
pn TL mache ise or decayiportions offthe sample response. 
A@photvograph was then taken of the®scope trace using the 
Peace oy ce DmNodecs Om Operartion. The transients response 
was recorded with tee cameraWfor vaprious values of Taser 
driving voltage at the low temperature and for various tem- 
peratures with the highest driving voltage (500 volts). 

Two serious problems were encountered when the 
transient response measurement was attempted. The first was 
that the detector response on the screen was completely 
Obscura len frequency Oscillations, These had not 


been evident when the p-i-n diode response was observed 
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because its signal was high and low sensitivity scales were 
used. However, they were quite strong when using the high 
sensitivity scales for the response of the sample. The 
osciMsliavrons@vereMiound#to be’ noslse tranismitted by the laser 
pulse power supply. This problem was eliminated by replacing 
all leads in the pulse power supply with standard 50-ohm 
coaxial cable and by placing the charging load resistor in 

an electrically sealed enclosure. 

The second problem was the large amount of attenua- 
tion of the response of the sample caused by the mismatch 
between the 50 ohm load resistor and the sample resistance. 
limoni done] vertut lasertoutput and usingàthe most 
sensitive ver can SCa kef on Che oscilloscope, this Loss 
of signal made it difficult to obtain a clear presentation 
on the screen. This was especially troublesome when using 
lower laser power outputs a higher sample temperatures. 
The two Pbo o°no 186 samples for which transient response 
measurements were made were. the most sensitive of the high 
and low-resistance type samples. They had resistances of 
9.8 ohms and 360 ohms and had blackbody responsivities 
of 81 ana 0.65 volts/watt at the bias currents used respec- 
tively. Both produced approximately the same magnitude of 
l IO SOMO K Li Mi cope due kon needi i mWerences din resistance 
matching. Transient response measurement on other less 
sensitive high resistance or low resistance type samples, 
had time permitted, would have been exceedingly difficult. 


The best solution to the attenuation problem was thovght to 
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be use of a high value of load resistance and an amplifier 
at the sample with a high input impedance and a 50 ohm 
output impedance. This amplifier would be required to have 
a bandwidth of several hundred megahertz but only AGRA 
or even unity gain. Time did not permit the application of 
this possible solution. 
™ 4, Response Time and Effective Lifetime Calculations 

The rise and decay time constants were measured as 
erent tea time constants. They were found by measuring 
thei distances on the photographs from the start of the rise 
or decay to the point where the signal had risen to Ug 
of its steady-state value or had fallen to A or enis aue. 
The distances were then multiplied by the time scale. These 
time constants — then compared to a calculated photo- 
conductive lifetime using the equation which was derived 
as follows. 

PSone amplitudo of the] mIs. value of the 
fundamental component of the irradiating waveform from the 


blackbody was expressed in terms of the number of photons. 


The Stefan-Boltzmann relation, 


in the expression used for the power of the radiation 
signal in the blackbody response calculations was replaced 


with theszelatjion, 
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Tu 


where 0! = 1.52 x 101° photons-sec l-em ^.-9K^?, This 


pelation gave the difference in the number of photons emitted 
per second per unit area from the blackbody source and from 
the chopper paa. O Since only the photons which have a 
quantum energy greater than the energy gap in the detector 
Material generated excess, Tree carriers, a correction to 

this number was applied. The energy gap was calculated as 
0.092 eV for the sample temperature of 100° K using the 
empirical relation found by Kim [Ref. 32], based on optical 
absorption data. 


EL (y, 1) = 10.13 H 5 x 107" 


a. OCs, 

E nS relation, gy 1s thevallow percentage of SnSe content 
(0.1) and T is the absolute temperature. This energy gap 
corresponds to a cut-off wavellength of 13255 microns. The 
correction factors were found from the blackbody radiation 
tables published by Lowan and Blanch [Ref. 33] using this 
wavelength and the blackbody and chopper temperatures (500% K 
are 


and 300% K). These factors, RÍA ) and RÍAS, 


co BB ol cH?) > 
simply the ratio of the number of photons with a wavelength 


18 


HiGsenenaDeees Infrared Systemsi Engineering, p. 21, 
Wiley, 1969. 
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less than the argument wavelength to the total number of 
photons for a blackbody at the argument temperature. Using 
these factors, the expression for the radiation signal in 


terms of the number of photons was written as the following. 


5 3 
1 ° a e 
RR Tam) Tp Coua . 
ph CH W B r B a° 


N 


where all the addltional parameters are the same as described 
for the blackbody response calculations. Because of reflec- 
ons rom thegsurigee#fof the sample, only a fraction of these 
photons actually entered the crystal where it was assumed 
DM  ""EDcnessmedcassuinpdlterreecBole-electron pair There- 
Bere, applyine Or reEcCion Tor the reilectance of the 


material based on the index of refraction, the rate of 


generation of free hole-electron pairs was written as: 


(n-1)*. 


Fece 
ae 


ph 
where n is the index of refraction which is approximately 
five for lead-tin selenide. 

The expression for the photo-generated current was 


shown in Chapter II to be the following. 


I = eF — (tu + t 


ph 2 e'e hën? 


Since lead-tin selenide is an intrinsic photoconductive 


material, the hole and electron lifetimes can be considered 
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to be equal. Expressing the majority “tarrier drift mobility 
as y and the mobility ratio as b, the above expression 


can be written as 


In this expression, 


OLS (1 + =) for n-type material and 
E (b + 1) for p-type material. 
Das H Vg 


The expression for the photo-current may be rewritten as 


the following. 


V h L R 
I = = = eF moa P 


ph L b 


ivineg this expression for T gives an expression for 
effective excess carrier lifetime in terms of the measure- 


ment constants, the sample resistance (R), electrical 


properties, and the response voltage SI 
e 
oa 
ee A 
eFur 1 R 


Using this expression, an effective excess carrier 


lifetime was calculated for the two samples for which transient 
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response measurements were made. It must be emphasized that 
er values were only considered as very rough estimates 
of lifetime since there were two major sources of uncer- 
tainty. First, the Hall mobility was used for the majority 
carrier drift mobility. Although the difference between 
the two, which depends on the type of scattering and other 
facuors, io woually nou Marge the two are definitely not 
the same. The second source of error was in the mobility 
ratios which were not known for the samples measured. This 
number has generally been observed to be im the range from 
three to ten and a value of five was used. Although the 
MWecrta Mew duetto: heP®'mobilivy ratio did not have a large 
Brreeneinschevesnzeetr,verliretimettfor the n-type sample 
(OB-12-3), it was of considerable significance in the 


calculation for the p-type sample (QB-10-4). 
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V. RESULTS AND DISCUSSION 


A. RESPONSIVITY AND DETECTIVITY 

Blackbody (500° K) detector measurements were made on 
fifteen Pbg  g9ng 19€ thin-film samples. The signal and 
normalized noise voltages, their ratio, the noise equiva- 
lent power, and the detectivity and responsivity at an 
optimum value of bias current selected for best signal-to- 
nois ratio are listed in Table V. The crystal structure, 
Chvekmess, Glectmical properties, and photoconductive 
performance of the samples are listed in Table IV. 

It was found that the sensitivity of the samples as 
indicated by the responsivity was not dependent upon the 
carrier concentration in any significant way. However, a 
fairly good correlation between the photo-sensitivity and 
the type of crystal structure of the sample was observed. 

The most sensitive samples were single-crystal with (100) 
orientation. Samples with any (111)-oriented crystal 
structure had much lower sensitivities. Before an explana- 
tion for such dependence is attempted, it should be noted 
that the observed trend had a few obvious discrepancies. 
According to the criteria given, samples OB-13-2 and OB-13-4 
which were polycrystalline (111) + (100) should have had poor 
sensitivity and sample OB-11-5 which was single-crystal (100) 
SmrolldshavespacdseoodesensItivity. ZHowever, this wasi not the 
case. The following discussion will include these exceptions 


as well. 
99 
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The crystal type and orientation were generally deter- 
li Ir y en —ray daifraction anafysis for only one sample 
from each deposition batch. The assumption was made that 
all samples from the same deposition (indicated by E Pais 
number in the sample identification) had essentially the 
same crystal structure. It is possible, however, that 
this assumption was not always valid. A sample listed as 
single-crystal (100) such as OB-11-5, for example, may 
actually nave had some (111) components present. One listed 
as polycrystalline (111) + (100) such as OB-13-2 and 
OB-13-4 may have had very little of the (111) crystal present. 
ine tie = case wel the OB-13 batch, the X-ray diffractometer 
tracing indicated a definite presence of some (111)- 
oriented crystal together with the strong (100) component. 
However, the absence of any rings in the Laue photographs 
indicated that the film "Ee ge The deposi- 
tion parameters used for the batch vere close to those which 
have produced single-crystal (100) in other depositions 
Ban 3: 

Some support was lent to this hypothesis by the values 
of low-temperature Hall mobilities and the changes in resis- 
tance of the samples from room temperature to 100° K as 
listed in Table IV. All of the samples listed as single- 
crystal (100), except OB-11-5, had low mobilities and showed 
an increase in resistance of as much as an order of magnitude 
from the room-temperature value to the value at 100° K, such 


as in samples OB-11-2 and OB-11-3. Both samples listed as 
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single-crystal (111), OB-12-3 and OB-12-5, on the other 
hand, had high mobilities and showed a strong decrease in 
resistance with decreasing temperature. High mobility and 
a variation of resistance proportional to tute were 
considered as characteristic of samples with (111) crystal 
orientation, and low mobility and an inverse resistance 
variation with temperature as characteristic of samples 
with (100) orientation. This supported the supposition 
that there was actually some (111) crystal present in 
OB-11-5 and very little (111) in OB-13-2 and OB-13-4. 

Using this approach to explain the three major discrep- 
ancies, it appeared that single-crystal (100) orientation 
in the material was a definite prerequisite for high sensi- 


túvity in tre Pb se thin films. The reason for this 


os Do 
is not clearly understood. It has been proposed that the 
growth of crystalistruetune eh (100) orientation on the 
CaF, substrates, which were (111) oriented, created some 
erystal detects. The low mobility found in the single- 
crystal (100) films possibly was caused by these defects. 

mi these defects acted as trapping centers, according to 
thes»minority carrier trapping model described in Chapter II, 
wnebadditiional traps woulda help to increase the lifetime 

CHE i ITIS pito carries amd thereby Increase the™siensitivity. 
Therefore, it was thought that the crystal orientation mis- 


match between the film and substrate was the primary reason 


for the higher sensitivities in single-crystal (100) films. 
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The responsivities which were measured in bne# Pb Se 


O 
samples ranged from 0.003 volts per watt to 61 volts per 
watt, which is quite high compared with the best 500° K 
blackbody responsivity of PbSnTe photovoltaic Me 5 of 
around 100 to 125 volts per watt. The detectivity varied 


1/2 1), 


from a to low-10/ (cm-Hz These values of 
detectivity were all very low compared to the theoretical 
Packeround lamited valuefana to the detectivities of other 
infrared detectors. The primary reason for the low detec- 
tivity was the relatively large amounts of noise measured 
from the samples. The magnitude of the noise seemed to 
vary directly as the sensitivity wnien tended To restrict 
all the detectivities to a relatively smaller range. The 
reason for the correspondence of noise and sensitivity is 
not known. The primary source of noise was thought to be 
pneu cb c-MMUsceUnin films. Ge difference 2a the werk 
function of the gold and semiconductor [Ref. 34] resulted in 
ene Tormavvonsot; a weak metal=semiconductor dioe atitheir 
junction. When potential was applied across the sample, 
one of the two diodes became reverse biased and breakdown 
occurred when current flowed through the junction causing 


a large amount of noise i? 


im 3g M Pon Une stilver-epoxy 
used to bond the wires to the gold pads probably was a strong 
source of noise. Data was taken to plot a noise power fre- 
queney spectrum for the sample which had the most noise, 


D» loc conceptsvusn Fhotoconductivity and Allied 


Problems, p. 99, Wiley, 1963. 
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NOISE POWER SPECTRUM FOR SAMPLE OB-10-Y 


FIGURE 22. 
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OB-10-4. As shown in Fig. 22, the em had the form 

of 1/f noise which is the type generally associated with 
contacts. At the measurement frequency of 1 kHz, the noise 
was dominated by this type and considerably higher measure- 
ment frequencies would have been required to get out of the 
1/f region. Better means of making contact to the semi- 
conductor seem necessary to reduce the noise to considerably 


lower levels. 


Bo SPECTRAL RESPONSE 

The data taken on sample OB-10-4 for spectral response 
at — of six temperatures was normalized to unity at the 
Wa velength otu Lhe highest response’ for each temperature 
and plotted as shown in Fig. 23. The only puzzling feature 
of the spectral response is the peak response shown at 7.5 
microns for each temperature. Such temperature-invariance 
strongly suggest that this peak was the result of experimental 
measurement problems and not a property of the material. | 
The peak was thought to have been the result of a dip in 
the response of the thermocouple detector used for calibra- 
tion of the source. An accurate measurement of spectral 
Ghespenisepucreiines that thes calibravingedetcetor have a flat 
response independent of the wavelength. The particular 
thermocouple detector in the TRW Systems set up was used 
only for detector measurement in the visible and near infrared 


regions and had not been calibrated beyond 5 microns. 
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When this peak at 7.5 microns was disregarded, as shown 
by the dotted line in Fig. 23, the spectral response and 
its variation with temperature were very close to what was 
expected. The cut-off or photoconductive threshold wave- 
length for each temperature was defined as the wavelength 
at which the response had fallen to 0.707 of its peak value. 
The peak value was considered as about 0.64 when the arti- 
ficial peak at /.5 microns was disregarded. The photon 
energies for these cut-off wavelengths were considered to 
be the energy gap of the material and were plotted versus 
the temperature in Fig. 24. The line drawn on this graph 
represents the values of absorption edge given by the 
empirical relation derived by Kim [Ref. 32] based on 
optical measurements. 


Im _ 0.88y(ev) 


Ea (yT) see 
There is very good agreement between the values of energy 
gap found by spectral response measurement and those pre- 
SICA De e elatione i venn ov o S jicatesr Lnat 
the PD O. 95N0,15€ gar 3 Imswasgasrruezinterinsice photos 
Onde vo eee De Vee ne on lves ton lie cantr electron optical 
excitation process was from the valence band to the conduction 


band. 


EO 
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FIGURE 24. VARIATION OF ENERGY GAP WITH TEMPERATURE 
IN Pbg gano 15€ LN DICATED BY OPTICAE 
ABSORPTION [REF. 32] AND SPECTRAL RESPONSE. 
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C.  PHOTOCONDUCTIVE TRANSIENT RESPONSE 

Due to time limitations and the attenuation problem 
discussed in Chapter III, photoconductive transient response 
measurements were made only on two samples, the most sensi- 
tive high-resistance sample, OB-10-4, and the most sensitive 
low-resistance sample, OB-12-3. The rise and decay times 
for both samples are longer than the calculated effective 
Be Seeger ıstenmtewith thesmodeizbasedzorzrast 
trapping of minority carriers which prevented recombination 
from occurring at a faster rate. The reason for the differ- 
ence between the rise and decay time constants for both 
samples is not known. This difference indicates that there 
are probably some complex transition processes not taken 
Icons dera the hbishlyñsimoliriea model. These 
rise and decay time constants at low temperature are listed 
ma table VI. 

The decay time constants which were measured for differ- 
ent temperatures and for different values of laser driving 
voltage are listed for each sample in Tables VII and VIII. 
There is not much variation in the decay time with the laser 
power which may be considered To indicate that saturation 
Ol SUhemeraps Gilad not occurfat this level of radiation inten- 
Sill ene Var lallOneo: relaxation Cime wich temperature 


which was observed in sample 0B-12-3 is consistent with the 
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TABLE VI. RISE AND DECAY TIME CONSTANTS AND CALCULATED 
EFFECTIVE LIFETIME AT 100° K 


Sample Rise Time Decay Time Calc. Lifetime 
Number (ns) ns Gas) 
OB-10-4 MO, 48. 3.4 


TABLE VII. DECAY TIME CONSTANTS MEASURED WITH FOUR VALUES 
OF LASER POWER AT 100° K. 


Laser Decay Time Constants (ns) 
Driving 
Voltage | OB-10-! OB-12-3 

500 48, 25, 

400 | H8. 22. 

300 yy, 22. 

200 lo. 20. 


opt LA DEAN ATTE CONS TANTS MEASURED AQ” VARIOUS SAMPLE 
TEMPERATURES (Laser voltage = 500 volts) 


OB-10-4 OB-12-3 
Temperature x Decay Time Temperature Decay "Time 
(°_K) (ns) (? K) (ns) 

98 48, 98 p 
120 48. ET 24, 
1555 60. Jo) D 
255 64, I LIZ 
i 68. 142 lí: 
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trapping model. 20 According cCoO This model, higher tempera- 
Lures Increase tche probability that a trapped carrier may 
Dege ted oee conduction bandfby lattice thermal 
ECT sde: cases y ne. number ol trapped carriers 
which results in an increase in the rate of recombination. 
The variation of relaxation time with temperature in sample 
OB-10-4, however, is contradictory to this explanation in 
that the relaxation time was observed to increase fairly 
Sen cant (yauıelauncreasing temperature. There was aan 
enough data Taken to indicate an explanation for this 


departure from the model. 


20 Klaassen, DEM Aranda others. Omethe Temperature 


Dependence of the Photoconductive Decay Time of 
msi ne Led Saltsk" Physica, v. 26, p. 625, 
August, 1960. 
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VES UMMARY 


Photoconductivity has been developed in Pb Se 


do 
tnin films. Used as infrared detectors, blackbody respon-—: — 
sivities up to 61 volts per watt at 100° K have been obtained. 
This is the highest value reported for this narrow-gap 

semiconductor alloy. It approaches the best reported value 


ON TOTO 125 voltstper watt in the P Sn, Te photovoltaic 


51-x 
detectors which became commercially available in the past 
year or so. 

Blackbody response measurements were made on fifteen 
Pb, 9°N0,1°° thin-film samples, the spectral response of 
the most sensitive sample was measured, and transient 
response measurements were made on two representative san- 
ples. The following four major conclusions were made based 


on this research: 1) Pb se thin films which have 


0.9%9,1 
 single-crystal (100)-oriented structure are much more 
sensitive than films which have a significant amount of 
(111)-oriented structure present. 2) The detectivities 
measured were limited to low values due to high detector 
noise thought to be primarily caused by the electrical 


OTAN e Pb Se films are intrinsic photo- 


e o 
conductors in which the fundamental electron optical excita- 
tion process is from the valence band to the conduction band 
andenennichztchegenerey gap üsga linca function of temper- 


ature. 3) The minority carrier trapping model is partially 
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^ 


applicable to Pb gy Se. However, a considerable 
amount of research needs to be done in the area of the 
photoconductive transient response before the energy. 


transition processes are well understood. 
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APPENDIX A 


Taata eer Oneehe derivaron OL che error factor 
which is present when a noise signal with Gaussian ampli- 
tude distribution is measured using a full-wave rectifier 
and an average-reading meter which has been scaled to indi- 
cate the r.m.s. value of a sine wave, The Gaussian distri- 
bution function of a random voltage v with a zero average 
value and an r.m.s. value of o (standard deviation in the 
Hn ccpCvbDUdonSrunctlon) dsPthsRfollowling: 


2 2 


2T O 


|^ 
< 
IN 
8 


Menos siena S o ftull=wavefrectiftied, the probability of 
a negative value of v becomes. zero and the probability of 
any positive value is doubled (since the area under the 
probability distribution curve must remain unity). The 
deri one uncino #uhe full-wave rectified signal is 


then the expression below. 





2 2 2 2 


FWR Non x T G 


The meter will then respond to the average value of this 
random®signal, which, if the process is assumed to be’ ergodic, 
can be assumed to be the statistical mean or expected value. 


Ini e Loundmby performing the following integration 


LI E 





Tí 


00 


E(P(V) UE) = E vP(V)kWR dv 
co 2 2 
E f ve^ /20 dv 
G IT 
O 
v? V 2 
"=L du = = dv vdv =o du 
20 O 
PER S Zee [o 
EGO) "AE 0 f e au = 2 o 


O 


# ^ 


Therefore, a direcitfaverage-reading meter with no scaling 
would only indicate 2 /n0 or about 0.7980. If the meter is 
sealed to indicate the r.m.s. value of a sine wave, as on 
the PAR Lock-In Amplifier, the meter automatically multiplies 
the actual reading by the ratio of e sss value of a 
sine wave (1/42 times the peak value) to the average value 
(2/1 times the peak value). The built-in scaling factor is 


then the following. 


vi 


I 


/ 


`| 


A n3 
2,2 


The scaled meter will then indicate 


EE 


T 
ET E E A e 
242 T 2 


Sindes cne correct r.n.Sk value of the noise signal is o, the 


Ine cmm caben musti befmultipliedFby 
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— = 1.128 


which is the correction factor which was used when 


necessary. 
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APPENDIX B 


ES cseoctjoasmhede»srlvacton ot the correction factor 


required due to the signal loss in the load resistor when 





HUGUh Eee ME wih TR DETECTOR CIRCUIT 


blackbody response was measured, For the circuit above, the. 
ehangegimerhe output voltage Ve Bc he measured devecvor 
senal o. find how this is influenced By chegenange m 
mesderectersxesistaneer, Wasch Fiszthe True photoconductivity 


signal, and by the load resistor, the following derivative 


is taken. 
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The bias current is 


VO 

T = 

O R. + Rp 
= EE. D RJ focum I R to 

D L D L D 

R. + R R 
- x ]5 Dx _ MD 

vet to Ip AV — i eure: RO 


The true photoeonductivisy voltage Ye! which would result 
"I cCchefideal caseo an invariant bias current or infinite 
load resistance were used, can therefore be obtained by 


MU ipse theftfoubpéee sienalMyAbmne*tfollowing factor. 
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APPENDIX C 





FIGURE 26. SCALE DRAWING OF THE CHOPPER BLADE AND 
BLACKBODY SOURCE SAPERATURE ( {TWICE ACTUAL 
SIZE) 


— MÀ =| 


-t -t = t Time 


3 2 ME °) LIS 


FIGURE 21. TIME WAVEFORM OF THE MODULATED BLACKBODY RADIATION 


This section is an explanation of the method used to 
nacio actor Correction for the chopping waveform 
Onis pareuecnlar wadiation modulation arrangement. This 
fornice: simply thefrabio of the r.m.s. value of the 
fundamental component of the waveform to the peak-to-peak 


value. The drawing in Fig. 26 is a scale representation 
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di thegnliackbodyfsource aperaturefland a sector of the 
chopper blade. Based on this geometry, the time points 


gi thegradiationkyaveformfim rig. 2 are thef following: 


J 


._ b-a zw s 
_ bta - db = 
t2 = 3" mus Dur 2 
wo CnC LL ce = 1.07 cm 
3 2TRS š 


Here wo LSecvnemCchopmer Dladetspeed ingrevolutions per 
“CO eeoa time po1nts, a numerical Fourier 
integration of Cheswaveform wass@ertormed. The r.m.s. 
value of the fundamental component was found to be 0.375 


times the peak-t0-peak value. 
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